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Preface
Over the past five years, I have had the wonderful opportunity to
work in the relatively new field of nanoscience and -technology,
with all the diversity and challenges that are associated with it.
When I entered the world of colloidal nanocrystals, many aspects
of their properties and potential applications were yet unexplored,
and with the freedom given to me by my supervisors Zeger and
Dries, I started a journey which led to a diverse range of topics.
Needless to say that, when this freedom seemed to yield more
questions than answers, they were always there for me with advice
and ideas which put me back on the right track.
Off course, when tackling this diversity, collaboration is the
key. I would not have been able to compile this text without
the fruitful collaborations that were set up over the last few years.
With the ever present risk of forgetting someone, I would therefore
like to thank the many people for their contributions to this work.
My one month stay with nanoMIR group of prof. Wolfgang Heiss,
where Maksym helped me out with the optical investigation of
mid-infrared emitting PbSe nanocrystals, gave a great impulse to
my research. I must admit that working in a different environment,
with new people and new ideas, proved to be very valuable. In
this respect, I also thank prof. Michael Fo¨rst for giving me the
opportunity to investigate the hybrid photonic devices during a
stay of one week in his research group in Aachen.
Closer to home, two other groups have always made me feel
very welcome when I was working there. The investigation of
the nonlinear optical properties could not have been performed
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without the close collaboration with prof. Pascal Kockaert of the
Ope´ra group in Brussels, and for the NMR measurements I could
strongly rely on the support –on many fronts– of prof. Jose´ Mar-
tins and his group here in Ghent. Finally, I would also like to
thank the people from the Lumilab of prof. Dirk Poelman, where
I have measured my absorbance and luminescence spectra during
the first three years of my research. The absorbance spectrum of
a suspension of colloidal nanocrystals is one of the most basic and
essential measurements in our field, yet our NIR equipment was
limited at that time, so I am most grateful for their support.
Some of the data or measurements presented here are con-
tributed by fellow colleagues and students from our group. I would
therefore like to thank Karel for his dedicated TEM measurements
and for providing me the data on the Q-InP sizing curve, Tom for
his work on the PbS nanocrystal synthesis and Z-scan measure-
ments, Timuc¸in, Ruben and Guillaume for their work on the syn-
thesis of core-shell nanocrystals and Bram for providing the PbTe
nanocrystal absorbance spectra and the simulations of the waveg-
uide mode profiles. Some external partners also provided valuable
input: ICP-MS measurements on our particles were performed by
David (department of analytical chemistry, UGent), and the RBS
measurements were performed by Dries (research team nuclear and
radiation physics, K.U. Leuven). The time-resolved luminescence
spectra were measured in collaboration with prof. Rik Van Deun
(department of chemistry, K.U. Leuven). In order to compare
the optical properties of our nanocrystals with theoretical data,
prof. Guy Allan (IEMN, ISEN Department, Lille, France) kindly
provided me the results of his tight-binding calculations.
I would also like to mention two technicians who gave much
appreciated assistance. For XRD measurements, I could hand
in my samples to Olivier and rest assured that a few days later,
I would receive a mail with the resulting data. In addition, in
our department Bart was always prepared to fabricate the most
demanding custom-made equipment, such as sample holders and
optical cells, to ensure that experiments could be performed under
just the right conditions.
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But all of this would not have been possible without the strong
support of my family and friends. I thank my parents, my sisters
and my good friend Jelle from the bottom of my heart for believing
in me, listening to me when I tried to convince them that colloidal
nanocrystals might one day change the world, and helping me to
pursue my dream.
And to you, my sweet Joke, I dedicate this work. More than
ever, I realize that I would never have been able to complete it
without your everlasting love, help and friendship.
Iwan Moreels
Gent, 02 februari 2009
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Nederlandstalige samenvatting
1 Introductie: Synthese van collo¨ıdale na-
nokristallen
We hebben Q-PbS en Q-PbSe nanokristallen gesynthetiseerd via
natte chemische technieken. Hun kristalstructuur wordt bepaald
met X-stralen diffractie en hoge resolutie transmissie elektronen
microscopie (TEM), waaruit we kunnen besluiten dat de nano-
kristallen dezelfde structuur en roosterconstante hebben als hun
respectievelijke bulk materialen. De TEM metingen laten ons bo-
vendien toe om de gemiddelde diameter en standaardafwijking te
bepalen. De diameter van de nanokristallen is vervolgens gecor-
releerd aan de verboden zone van het materiaal. Via deze ijklijn
kan de nanokristal diameter rechtsreeks bepaald worden uit een
eenvoudige bepaling van de spectrale positie van de eerste absorp-
tiepiek.
We berekenen de molaire extinctiecoe¨fficie¨nt door het opmeten
van de atomaire concentratie van anionen en kationen met behulp
van inductief gekoppeld plasma massaspectrometrie (ICP-MS). In
het geval van Q-PbS zijn we niet in staat om de anion concentratie
op te meten. We gebruiken daarom Rutherford terugverstrooiing
spectroscopie om de Pb:S verhouding te bepalen. Uit de atomaire
concentraties wordt de concentratie aan nanokristallen berekend.
De absorbantie van een gelijke hoeveelheid nanokristallen geeft
dan de molaire extinctiecoe¨fficie¨nt. Hiermee kan vervolgens de
nanokristal concentratie bepaald worden uit de absorbantie, via
de wet van Beer–Lambert.
v
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Q-PbS zijn stabiel onder atmosferische omstandigheden, ter-
wijl Q-PbSe snel oxideren. Om dit te vermijden, groeien we een
anorganische CdSe schil rond de Q-PbSe. Metingen van de ab-
sorbantie tonen inderdaad aan dat de blauw verschuiving van de
eerste absorptiepiek sterk afneemt na bescherming van de deeltjes
met een CdSe schil.
2 Oppervlakchemie
Organische liganden maken een essentieel deel uit van een col-
lo¨ıdaal nanokristal. De oppervlakchemie van de nanokristallen
wordt zorgvuldig bestudeerd met behulp van nucleaire magne-
tische resonantiespectroscopie (NMR). We hebben verschillende
NMR technieken (kwantitatieve 1H NMR, correlatie, diffusie ge-
controleerde en nucleaire Overhauser effect spectroscopie) toege-
past om de liganden te identificeren en hun dynamica te bepalen.
Q-InP zijn bedekt met tri-n-octylfosfine oxide (TOPO), sterk
gebonden aan het nanokristal oppervlak. De bedekkingsgraad
bedraagt 20% van de beschikbare adsorptieplaatsen. We stellen
een adsorptie/desorptie evenwicht vast tussen vrij en gebonden
TOPO, wat gemodelleerd wordt door een Fowler isotherm.
Q-PbSe zijn bedekt door sterk gebonden ole¨ınezuur (OA) li-
ganden. Het aantal OA liganden komt overeen met het aantal
exces Pb atomen op het oppervlak van het nanokristal. Het Pb-
exces wordt bepaald uit ICP-MS metingen, in combinatie met een
niet-stoichiometrisch model van het nanokristal. TOP liganden
observeren we niet, wat overeenstemt met de afwezigheid van Se
atomen op het oppervlak van het nanokristal.
In tegenstelling met Q-InP en Q-PbSe, tonen de oleylamine
liganden van de Q-PbS nanokristallen een snelle dynamica tus-
sen vrij en gebonden toestand. Als gevolg hiervan kunnen we ze
makkelijk uitwisselen voor sterk gebonden OA liganden. Na de
uitwisseling, verhoogt de luminescentie van Q-PbS met een factor
3–6.
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3 Optische eigenschappen
De optische eigenschappen van collo¨ıdale lood chalcogenide nano-
kristallen worden onderzocht met behulp van het Maxwell-Garnett
(MG) model. De absorptiecoe¨fficie¨nt µ wordt bepaald uit het ab-
sorbantie spectrum, via de gekende diameter en concentratie van
de deeltjes. Bij energiee¨n ver boven de verboden zone, tonen zo-
wel de Q-PbS als de Q-PbSe data aan dat µ niet be¨ınvloed wordt
door kwantum opsluiting. De experimentele waarden stemmen
goed overeen met de theoretische absorptiecoe¨fficie¨nt, bepaald uit
bulk halfgeleider waarden voor de die¨lektrische functie.
We observeren echter sterke kwantum opsluitingseffecten voor
de optische transitie over de verboden zone. Naast een blauw ver-
schuiving met afnemende diameter, neemt de absorptiecoe¨fficie¨nt
kwadratisch toe, wat aantoont dat kleinere deeltjes efficie¨nter licht
absorberen. De oscillator sterkte fif van de transitie wordt bere-
kend uit µ. De experimentele data komen goed overeen met the-
oretische berekeningen; beide vertonen een lineaire groei van fif
met de diameter van de deeltjes. De waarden voor Q-PbS zijn ech-
ter 37% kleiner dan voor Q-PbSe, mogelijk door kleinere kwantum
opsluitingseffecten in PbS.
We berekenen de die¨lektrische functie  van collo¨ıdale nano-
kristallen via de Kramers-Kro¨nig relaties. Door het niet-lineaire
verband tussen µ en  moeten we een iteratieve procedure ont-
wikkelen om  te berekenen. The optische die¨lektische constante
is vergelijkbaar met bulk voor de drie materialen, wat aantoont
dat kwantum opsluiting hier geen rol speelt. We observeren ech-
ter sterke kwantum opsluitingseffecten voor de E0 en E1 transitie.
E1 vertoont een blauw verschuiving met afnemende diameter. Bo-
vendien, in het geval van Q-PbSe en Q-PbTe, neemt de oscillator
sterkte van de transitie toe in vergelijking met de E2 transitie.
De niet-lineaire eigenschappen van de nanokristallen worden
bepaald met de Z-scan techniek. Het n2-spectrum is duidelijk
gecorreleerd aan het absorbantie spectrum van de deeltjes, voor
zowel Q-PbS als Q-PbSe. Dit suggereert reeds dat het opvullen
van het eerste energieniveau met elektronen aanleiding geeft tot
vii
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een sterke niet-lineaire brekingsindex. De elektronische oorsprong
van n2 wordt verder bevestigd door de observatie van verzadiging
van de verandering in brekingsindex, en verzadiging van de ab-
sorptiecoe¨fficie¨nt bij hoge optische intensiteiten.
Q-PbS en Q-PbSe hebben beide een vergelijkbaar prestatie–
kengetal (gelijk aan 3–4) rond 1550 nm. Deze waarde is een
grootte-orde hoger dan de waarde voor Si (0.37) of GaAs (0.1)
rond deze golflengten, wat aantoont dat lood chalcogenide nano-
kristallen efficie¨nte niet-lineaire materialen zijn.
4 Integratie met Silicium fotonische com-
ponenten
Doordat de chemische synthese een suspensie van deeltjes oplevert,
kunnen verschillende natte depositie technieken gebruikt worden
om de nanokristallen op een substraat te deponeren. We onder-
zoeken er drie:
We kunnen een monolaag van Q-PbSe succesvol lokaal afzetten
op vlakke substraten en SOI componenten, via Langmuir-Blodgett
depositie, in combinatie met optische lithografie. Jammer genoeg
toont een TEM studie aan dat de nanokristallen samensmelten
tijdens de vorming van de laag, wat ongunstig is voor de optische
eigenschappen van het materiaal.
De lokale depositie van een dichtst-gepakte laag van Qdots, via
het bevloeien van een substraat met een Qdot suspensie en het la-
ten verdampen van het solvent, is ook succesvol. Echter, wanneer
ze afgezet worden op de SOI componenten, ontstaan scheuren in
de laag. Deze hybride componenten zullen bijgevolg veel optische
verliezen vertonen, wat evenmin gewenst is.
Het spincoaten van Qdot gedopeerde polystyreen filmen geeft
de beste resultaten. We bekomen optisch vlakke en homogene dun-
ne filmen. Ze worden afgezet op een SOI band-sper filter en de
transmissie karakteristieken van deze hybride componenten wor-
den onderzocht. Via de transmissiespectra berekenen we de trans-
missie per circulatie a en transmissie van de koppel sectie t van de
micro-ring resonator. We observeren een duidelijk verband tussen
viii
het verlies van de ring en de absorptiecoe¨fficie¨nt van de nanokris-
tallen, wat aantoont dat het licht dat propageert door de fotonische
golfgeleider, een sterke interactie vertoont met de afgezette Qdots.
Bij hoge optische intensiteiten tonen de Qdot–SOI hybride fil-
ters een blauw verschuiving van de resonantie, in combinatie met
een toename van a. Echter, in het geval van Q-PbSe, is deze blauw
verschuiving permanent, en in het geval van Q-PbS evolueert het
spectrum slechts traag terug naar het oorspronkelijke spectrum,
opgemeten bij lage intensiteit. Beide resultaten doen vermoeden
dat de nanokristallen in de dunne film opladen, wat in het geval
van Q-PbSe mogelijk zelfs aanleiding geeft tot een snelle oxidatie
van de deeltjes.
Het werk wordt besloten met verschillende suggesties om de
niet-lineaire eigenschappen van Qdot–SOI hybride componenten
te verbeteren.
ix
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English summary
1 Introduction: Colloidal nanocrystal syn-
thesis
Q-PbS and Q-PbSe nanocrystals are synthesized using the chem-
ical hot injection method. We determine their crystal structure
with X-ray diffraction and high resolution transmission electron
microscopy (TEM), from which we conclude that the nanocrystals
have the same structure and lattice parameter as their respective
bulk materials. In addition, TEM measurements allow us to de-
termine the mean nanocrystal diameter and size dispersion. The
nanocrystal size is correlated with the band gap of the material to
construct a sizing curve.
We determine the molar extinction coefficient by measuring
atomic anion and cation concentrations with inductively coupled
plasma mass spectrometry (ICP-MS). In the case of Q-PbS, we
are not able to determine the anion concentration with ICP-MS.
Therefore, we use Rutherford backscattering spectroscopy to de-
termine the Pb:S ratio. Knowing the atomic concentrations, the
nanocrystal concentration is calculated. The absorbance of an
equal amount of nanocrystals then yields the molar extinction co-
efficient. Both the sizing curve and the molar extinction coefficient
enable us to conveniently determine the particle size, size disper-
sion and concentration from a single absorbance measurement.
Q-PbS are air-stable, while Q-PbSe show a fast oxidation un-
der ambient conditions. To prevent this, we grow an inorganic
CdSe shell around the Q-PbSe by a cation exchange mechanism.
xi
English summary
Absorbance measurements indeed reveal that the blue shift of the
first absorption peak of Q-PbSe is strongly reduced after protec-
tion of the particles by a CdSe shell.
2 Surface Chemistry
The organic ligands are an essential part of a colloidal nanocrystal.
Therefore, we carefully study the nanocrystal surface chemistry,
using nuclear magnetic resonance spectroscopy (NMR). Several
NMR techniques (quantitative 1H NMR, correlation spectroscopy,
diffusion ordered spectroscopy and nuclear Overhauser effect spec-
troscopy) are applied to identify and quantify the nanocrystal li-
gands and ligand dynamics.
Q-InP are capped by tri-n-octylphosphine oxide (TOPO),
tightly bound to the nanocrystal surface. The ligand surface
coverage amounts to 20% of the available adsorption sites. We
observe an adsorption/desorption equilibrium between free and
bound TOPO, which is modeled by a Fowler isotherm.
Q-PbSe are capped by tightly bound oleic acid (OA) ligands.
The number of OA ligands agrees with the number of excess Pb
atoms present on the nanocrystal surface. The Pb-excess is de-
termined from the ICP-MS measurements, in combination with a
non-stoichiometric nanocrystal model. We detect no TOP ligands,
in agreement with the absence of surface Se atoms.
In contrast to Q-InP and Q-PbSe, the oleylamine ligands of
Q-PbS show a fast ligand dynamics. Consequently, we achieve a
facile ligand exchange to tightly bound OA. After ligand exchange,
the Q-PbS luminescence yield is boosted by a factor of 3-6.
3 Optical properties
We investigate the optical properties of colloidal lead chalcogenide
nanocrystals, using the Maxwell-Garnett (MG) model. The nano-
crystal absorption coefficient µ is determined from the absorbance
spectrum, knowing the particle size and concentration. At energies
far above the band gap, both Q-PbS and Q-PbSe data show that
xii
µ is not influenced by quantum confinement. Experimental values
agree well with the theoretical absorption coefficient, determined
using bulk values for the dielectric function.
In contrast, we observe strong quantum confinement effects for
the band gap transition. In addition to a blue shift with decreas-
ing size, the absorption coefficient increases quadratically, showing
that smaller particles are more efficient absorbers. The oscillator
strength fif of the band gap transition is calculated from µ. Ex-
perimental data agree well with theoretical tight-binding calcula-
tions, demonstrating that fif increases linearly with the particle
size. Values for Q-PbS are however 37% smaller than for Q-PbSe,
possibly due to a reduced quantum confinement effect in PbS.
We calculate the dielectric function  of colloidal lead chalcoge-
nide nanocrystals using the Kramers-Kro¨nig relations. Due to the
nonlinear relation between µ and , we have to develop an iterative
procedure to calculate . The optical dielectric constant is compa-
rable to bulk values for all three materials, showing that quantum
confinement plays no role here. However, we observe strong quan-
tum confinement effects for the E0 and E1 transition. E1 shows
a blue shift with decreasing size. In the case of Q-PbSe and Q-
PbTe, this is accompanied by an increase in oscillator strength
with respect to the E2 transition.
We determine the nonlinear optical properties of colloidal lead
chalcogenide nanocrystals using the Z-scan technique. The n2-
spectrum is clearly correlated with the nanocrystal absorbance
spectrum, for both Q-PbS and Q-PbSe. This suggests that state-
filling of the quantum dots discrete energy levels leads to a high,
and tunable, nonlinear refractive index. The electronic origin is
further confirmed by the observation of a saturation of the change
in refractive index and a saturation of the absorption coefficient
at high optical intensities.
Both Q-PbS and Q-PbSe have a comparable figure of merit (of
3-4) around 1550 nm. This value is an order of magnitude larger
than the value of Si (0.37) or GaAs (0.1) around these wavelengths,
showing that colloidal lead chalcogenide nanocrystals are efficient
nonlinear materials.
xiii
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4 Integration with Silicon-on-Insulator
photonic devices
As the chemical synthesis yields a suspension of particles, various
wet deposition techniques can be used to deposit the nanocrystals
on a substrate. We examine three techniques:
Langmuir-Blodgett (LB) deposition of a monolayer of Q-PbSe
on flat substrates and SOI devices is successfully combined with
optical lithography to deposit the particles on specific areas of a
substrate. Unfortunately, a TEM study of a typical monolayer
reveals that the particles fuse together during LB layer formation.
Local dropcasting of a thick close-packed Qdot layer on a flat
substrate is again successful. However, when depositing them on
top of SOI devices, cracks appear in the layer. These hybrid de-
vices experience severe optical losses, which is again undesirable.
Spincoating of Qdot doped polystyrene films produces the best
results. We obtain optically flat and homogeneous thin films. We
deposit them on an SOI racetrack notch filter and investigate the
transmission characteristics of these hybrid devices. We use the
transmission spectra to calculate the transmission per round trip
a and transmission of the coupling section t of the micro-ring res-
onator. We observe a clear correlation between the loss of the ring
and the nanocrystal absorption coefficient, demonstrating that
the light propagating through the photonic wire strongly inter-
acts with the deposited Qdots.
At high optical intensities, the Qdot–SOI hybrid notch filters
show a blue shift of the resonance wavelength, in combination with
an increase in a. However, in the case of Q-PbSe, this blue shift
is permanent, and in the case of Q-PbS, the spectrum only slowly
evolves back to the original low intensity transmission spectrum.
Both results suggest a charging of the Qdot doped thin film, in
the case of Q-PbSe possibly even leading to a fast oxidation of the
particles.
The work is concluded by several suggestions to improve the
nonlinear properties of Qdot–SOI hybrid devices.
xiv
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Chapter I
General introduction
“Angier: Then why isn’t the machine working?
Tesla: Because exact science, Mr. Angier, is not an
exact science. The machine simply does not operate as
expected. It needs continued examination.”
“The Prestige”, by Christopher Nolan (2006)
1.1 History of nanotechnology
Nanoscience and -technology are hot research topics nowadays.
Its roots however go deeper than one might expect. They can
be traced back as far as the Greco-Roman period,1 where a lead-
based hair dye formula, used to dye light or gray hair black, was
based on the formation of PbS nanocrystals. In Medieval times,
blades forged from Damascus steel were highly praised for their
exceptional strength and the ability to remain ultra-sharp.2 Lit-
tle did warriors know that this was due to the growth of carbon
nanotubes and cementite nanowires inside the steel. As a more
peaceful example, during the same period, metallic nanoparticles
gave stained glass church windows their vibrant colors.3
Off course, in none of these cases people were aware that they
were using nanotechnology. Yet, it always has been among us,
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moving silently through the centuries, just waiting to be discov-
ered.
1.2 Quantum effects in semiconductor na-
nocrystals
A deeper understanding of the changes (semiconductor) materials
undergo when scaling them down to the nanoscale started with
the pioneering work of L. Brus4,5 and A. Efros6,7 in the 1980’s.
They investigated small semiconductor crystals, a few nanometer
in size, either synthesized as a colloidal suspension (L. Brus) or
grown in a dielectric matrix (A. Efros). They discovered that
the semiconductor absorption edge shifts to smaller wavelengths
with decreasing particle size, and that discrete absorption peaks
appear in the absorption spectra. Both are the result of what is
now commonly described as quantum confinement. Due to the
small particle size, the nanocrystal can be regarded as a three-
dimensional potential well, or quantum dot (Qdot). Consequently,
the electron eigen energies no longer form quasi-continuous bands
as in bulk semiconductors, but they are compressed into discrete
energy levels. One may compare the system with a particle-in-
a-box (with box length L), where confinement of a particle with
mass m leads to discrete energy levels with eigenenergies En:
En =
~2pi2
2mL2
.n2 (1.1)
Equation 1.1 also shows that, as the box becomes smaller, the
energy of the first level increases.
In the case of semiconductor nanocrystals, a similar calculation
has led to the Brus-equation,5 which describes the blue shift of the
band gap for semiconductor nanocrystals with radius R:
E = Eg +
~2pi2
2µexR2
− 1.786e
2
R
(1.2)
µex equals the reduced exciton effective mass and  the dielectric
constant. In addition to the particle-in-a-box energy, a Coulomb
2
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Figure 1.1: Series of luminescent CdSe nanocrystal suspen-
sions. By merely decreasing the CdSe particle size, the color
can be tuned from red to blue as a consequence of quantum
confinement.
energy is included to account for the electron-hole interaction.
This equation immediately highlights a major advantage of semi-
conductor nanocrystals. Due to the dependence of the band gap
on the nanocrystal radius R, optical properties can be tuned over
a wide spectral range by merely varying the size of the particles.
This is beautifully demonstrated by the size-dependent lumines-
cence of colloidal CdSe nanocrystals (figure 1.1).
A quantum leap in research on colloidal nanocrystals was taken
when, in 1993, C. Murray, D. Norris and M. Bawendi published
the organo-metallic synthesis of colloidal cadmium chalcogenide
nanocrystals.8 Their hot injection method allows for a facile pro-
duction of large quantities of highly monodisperse nanocrystal sus-
pensions. It is based on the injection of organometallic precursor
molecules into a hot coordinating organic solvent. After injection,
a strong nucleation event produces small CdSe nuclei, which are
allowed to grow up to a desired size. When necessary, size-selective
precipitation reduces the size dispersion of the particles, resulting
in highly monodisperse suspensions. Following their publication,
numerous research groups joined in on nanoscience, leading to a
burst in publications in the following years (figure 1.2).
Nowadays, research on nanocrystals has diverted into a wide
range of fundamental and application oriented studies. The blue
shift of the band gap due to quantum confinement is now well
3
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Figure 1.2: Evolution of the number of papers published
each year, containing the keywords ‘nanocrystal*’ or ‘quan-
tum dot*’, as listed on ISI web of science. From 1990 on, the
number increases steadily, reaching more than 10.000 papers
published in 2008.
understood and demonstrated for a wide range of near-UV, visi-
ble and infrared semiconductor materials, hereby covering a huge
spectral range.9–11 Synthesis of colloidal nanocrystals has shifted
from the production of small spherical particles to more exotic
shapes, such as rods, wires, tetrapods and even tear drops.12 To
protect the nanocrystal from oxidation, strategies have been de-
veloped to coat the particles.13,14
Nanocrystals can now be produced with a high photolumi-
nescence efficiency, enabling applications in biolabeling15,16 or as
light sources in lasers and light-emitting devices.10,17 Due to their
discrete energy spectrum, their potential as saturable absorbers
in mode-locked lasers is also currently explored,18 and very re-
cently, multiple exciton generation (from the absorption of a sin-
gle high energy photon, multiple excitons are created) has sparked
an increased interest in their application in next-generation solar
cells.19
However, not all fundamental nanocrystal properties are un-
raveled yet, and consequently, not all potential application areas
have been explored. In this work, I have summarized our con-
tribution toward a better understanding of these novel materials,
with the aim of applying them in nonlinear photonic devices.
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1.3 Outline of the thesis
The work is divided into four parts:
In Part one (chapters II and III) we describe the colloidal
synthesis of near- and mid-infrared lead chalcogenide nano-
crystals (PbS and PbSe). In addition, we briefly discuss the
elemental characteristics of the resulting suspensions, such
as the structural and optical properties of the nanocrystals,
and the method to determine the molar extinction coefficient
and particle concentration in suspension.
In Part two (chapters IV to VI) we investigate the sur-
face chemistry of colloidal nanocrystals. Using nuclear mag-
netic resonance spectroscopy, we focus on the intimate inter-
play between the nanocrystal surface and the organic ligands
binding to it.
In Part three (chapters VII to IX), we discuss the optical
properties of colloidal nanocrystals. Starting from the ab-
sorption spectrum of a colloidal suspension, we derive the
nanocrystal absorption coefficient and dielectric function.
After analysis of the linear optical properties, we study the
nonlinear refractive index and absorption coefficient with the
Z-scan technique.
In Part four (chapters X and XI), we investigate several de-
position techniques, with the aim of integrating the nano-
crystals with Silicon-on-Insulator technology. Hereafter, we
discuss the linear and nonlinear transmission properties of
the resulting hybrid Silicon-on-Insulator notch filters.
In Chapter XII, we summarize the most important results of
this work, and give some prospects toward future research.
For clarity, instead of writing one large introduction covering
all research fields of this thesis, each part contains its specific in-
troduction on the topic of interest. For the same reason, each part
5
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also contains its own bibliography. Throughout the work however,
various references to other chapters will highlight the strong rela-
tions between results of the various studies.
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Part 1
Synthesis of colloidal lead
chalcogenide nanocrystals

Introduction
The colloidal semiconductor nanocrystals used for this work are
synthesized using wet chemical methods. In contrast with typical
solid state techniques (metalorganic chemical vapor deposition,
molecular beam epitaxy), it does not require a substrate to grow
the nanocrystals on, and therefore a large variety of materials, sizes
and shapes can be synthesized using similar synthesis routes.1–4
In this method, metalorganic precursor molecules are dissolved
in high boiling point organic solvents, which are subsequently in-
jected into a hot (non-)coordinating organic solvent. Due to the
high temperature, small semiconductor clusters nucleate. As the
synthesis time progresses, the nanocrystal nuclei grow larger until
a desired size is reached and the reaction is quenched. The na-
nocrystals are then separated from the growth solution by adding
a nonsolvent (typically a short alcohol, like methanol or ethanol).
This causes a precipitation of the nanocrystals, which are collected
by centrifugation and decantation of the solvent. After this pro-
cedure, the nanocrystals can be stored dry or resuspended in for
instance toluene or chloroform.
Lead chalcogenide nanocrystals are of particular interest for
near-infrared applications due to the small band gap of their re-
spective bulk materials (PbS: 0.41 eV, PbSe: 0.278 eV). Due to
quantum confinement, PbS and PbSe nanocrystals can therefore
span the entire near-infrared (NIR) telecom wavelength range. In
the case of PbSe nanocrystals, this range can even be expanded
into the 2-3 µm mid-infrared (MIR) range.
Practically all research on nanocrystals requires the knowledge
11
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of the particle size, size dispersion and particle concentration in
suspension. In this part, we show that these properties can all be
determined from a single measurement of the absorbance spectrum
by means of the sizing curve and molar extinction coefficient.
12
Chapter II
Synthesis of PbSe nanocrystals
2.1 Near-infrared PbSe nanocrystals
2.1.1 Synthesis
PbSe nanocrystals (Q-PbSe) are synthesized based on the pro-
cedure developed by Murray et al.,5 referred to as the Murray
synthesis hereafter. It is entirely carried out under a nitrogen at-
mosphere to avoid oxidation. In flask 1, we mix 0.38 g of lead
acetate with 1.3mL of oleic acid (OA) and 6.3mL of diphenyl
ether (DPE) (132mM Pb solution). In flask 2, we dissolve 0.8 g
of selenium powder in 10mL of tri-n-octyl phosphine (TOP) (1M
Se solution). Both flasks are heated to 150 for one hour while
stirring. This leads to the formation of lead oleate (PbOA2) and
TOP-selenide (TOPSe), respectively. After one hour, both flasks
are cooled down to room temperature; 2.85mL of flask 2 is thor-
oughly mixed with the contents of flask 1 and the mixture is loaded
into a syringe. This is then swiftly injected into a three-neck flask
containing 10mL of DPE at 175. Following the injection of the
cold precursor solution, the temperature drops to 130. This tem-
perature is maintained during the reaction time. The nanocrystals
are typically allowed to grow for 20 seconds up to 10 minutes, de-
pending on the desired nanocrystal size. Hereafter, the reaction
is quenched by addition of 20mL of butanol (BuOH) and 10mL
13
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Figure 2.1: (a): XRD pattern of PbSe nanoparticles. The Q-
PbSe crystal structure corresponds to the bulk PbSe rocksalt
structure (vertical lines), with a lattice parameter a=6.1255A˚.
(b): Typical HR-TEM image of a single PbSe nanocrystal. The
individual atoms are clearly distinguishable. From the inter-
atomic distance, we calculate a lattice parameter a=6.1 A˚.
of methanol (MeOH). This reduces the temperature to 70, and
leads to the precipitation of the particles. The precipitate is col-
lected by centrifugation and decantation. To further remove im-
purities, the Q-PbSe are resuspended in 1mL of toluene and 2mL
of methanol is added to precipitate the particles again. After a
second centrifugation and decantation step, the nanocrystals are
suspended in 1mL of toluene and stored under nitrogen and in
the dark.
2.1.2 Structure analysis
We determine the crystal structure of our nanocrystals with pow-
der X-ray diffraction (XRD). The XRD sample is prepared by
drying a Q-PbSe suspension in toluene under a strong nitrogen
flow, followed by resuspension of the particles in 100 µL of a hex-
ane:heptane mixture (80:20 volume ratio) and subsequent drop-
casting on a 1x1 cm glass plate. Figure 2.1(a) shows a typical Q-
PbSe XRD pattern. The experimental peaks are broadened due to
the small Q-PbSe size, but the positions agree well with theoreti-
cal expectations for bulk PbSe (vertical lines). This demonstrates
that the nanocrystals have a rocksalt structure and that the lat-
tice parameter a=6.1255 A˚ remains constant when reducing the
14
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size from bulk to the nanoscale. The result is confirmed by high
resolution transmission electron microscopy (HR-TEM) images on
individual nanocrystals. TEM samples are prepared by dipcoat-
ing a TEM grid in a suspension containing a small amount of
nanocrystals (typically 0.5–1 µM). Figure 2.1(b) shows a typical
image, where we look down on the (100) planes of the nanocrys-
tal. The nanocrystals are fully crystalline, showing no structural
defects or amorphous regions. After analysis of the distance be-
tween the atoms for several nanocrystals, we obtain a lattice pa-
rameter a=6.1± 0.1 A˚, in agreement with the XRD result. The
measurements also reveal that Q-PbSe prepared by this method
have typically a faceted, quasi-spherical shape.
2.1.3 Optical properties
Bulk PbSe has a band gap of only 0.278 eV (absorption edge at
4460 nm) at room temperature and its exciton Bohr radius is par-
ticularly large (RB =46nm). This implies that small PbSe na-
nocrystals are in the strong confinement regime. Consequently,
we observe a strong blue shift of the band gap with decreasing Q-
PbSe size (figure 2.2(a)). Also, up to three absorption features are
clearly visible in the absorbance spectrum (figure 2.2(b)), which
can be assigned to transitions between the discrete energy levels
of the quantum dot.6–10
Several research groups have reported that Q-PbSe are highly
luminescent, with a quantum yield of up to 80%.6,7 In accordance
with their data, our nanocrystals also show a good luminescence
(figure 2.2(c)). The small Stokes shift between the absorbance
and luminescence peak indicates that the luminescence arises from
band edge emission, as emission from surface trap states would
result in a larger Stokes shift.11
2.1.4 Sizing curve
TEM is also used to determine the mean size d and standard de-
viation σd (also called size dispersion) of a Q-PbSe suspension.
Figure 2.3(a) shows a typical TEM overview image. Due to the
15
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Figure 2.2: (a) Series of absorbance spectra for differently
sized Q-PbSe (offset for clarity). We observe large blue shift
with decreasing size. (b) Due to the strong quantum confine-
ment and small sample heterogeneity, up to three absorption
features can be observed. (c) A strong photoluminescence peak
(black curve), with a small Stokes shift, indicates efficient band
edge luminescence.
spherical shape and narrow size distribution, isolated Q-PbSe are
found next to small hexagonally close-packed islands. We use mul-
tiple images to measure the area of, in total, 200-400 particles,
from which the equivalent circular diameter is calculated. Figure
2.3(b) shows the resulting size histogram, with a Gaussian peak
fitted to the data. The mean size and size dispersion are calculated
directly from the individual sizes. For this suspension, we obtain
d=4.65 nm and σd=0.25 nm (5.3%). The results agree with the
mean size and size dispersion given by the fitted Gaussian peak.
Due to quantum confinement, the nanocrystal size determines
the band gap of the material. This relation can be conveniently
used to determine the size directly from the absorbance spectrum,
avoiding a lengthy TEM analysis for each Q-PbSe suspension that
we synthesize. We refer to the resulting calibration curve as the
sizing curve.
The nanocrystal band gap E0 is determined from the absor-
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Figure 2.3: (a) Typical TEM overview image of a Q-PbSe
nanocrystal suspension. (b) Histogram of the particle size,
with a Gaussian peak fitted to the data. The mean size equals
4.65 nm, with a size dispersion of 5.3%. (c) The absorbance
spectrum of the same Q-PbSe (full line) is fitted with a sum
of four Gaussian peaks, superimposed on a broad background
(dashed line: fit; gray curves: individual contributions of the
peaks and background).
bance spectrum by fitting the spectrum to a sum of four Gaus-
sian peaks (two Gaussian peaks have to be used for the third
absorption peak), superimposed on an empirical polynomial back-
ground of the form a0+a1.eV b1 +a2.eV b2 +a3.eV b3 , with b1 ≈ 1,
b2 ≈ 2 and b3 ≈ 4 (figure 2.3(c)). In the example shown here,
the 4.65 nm particles have a band gap E0=0.84 eV and a peak
width σeV =66meV (full width at half maximum). We have mea-
sured the size and band gap for 9 samples in total, and results
are shown in figure 2.4 (dots) together with literature data (open
circles).5–8,12–19 The dotted line represent the bulk PbSe band gap
Eg =0.278 eV. A fit yields following result (full line, valid in the
17
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Figure 2.4: The sizing curve relates the Q-PbSe band gap
E0 to the nanocrystal size d as measured with TEM. The dot-
ted line denotes the bulk PbSe band gap. Our results (dots),
together with literature data (open circles), are fitted to an
empirical expression (full line), which allows us to determine
the Q-PbSe size directly from the absorbance spectrum.
range 2–20 nm):
E0 = 0.278 +
1
0.0156.d2 + 0.209.d+ 0.445
(2.1)
The literature values for the small particles shown in the top left
corner (band gap > 1.5 eV) come from a single paper13 and the
results are not confirmed by other measurements. They are there-
fore not included in the fit.
Our experimental results are in good agreement with recent
tight binding calculations of the Q-PbSe band gap.20 From both
the theoretical and experimental results, we can conclude that the
band gap mainly varies with 1/d, in contrast with the quadratic
size dependence predicted by the Brus-equation 1.2 (the Coulomb
term can be neglected here due to the small effective mass and the
high dielectric constant of PbSe).
In addition to the mean particle size, the sizing curve can also
be used to evaluate the particle size dispersion σd. Assuming that
the heterogeneous line width σeV of the first absorption peak is
much larger than the homogeneous line width, the width of the
absorption peak must reflect the particle size distribution. For a
small size dispersion, the sizing curve can be linearized around the
18
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mean size d, which implies that a Gaussian absorption peak (on
an energy scale) corresponds to a Gaussian size distribution. The
linearization results in the following relation between σd and σeV :
σeV
2
√
2 ln 2
=
∣∣∣∣dE0dd
∣∣∣∣σd (2.2)
A factor 2
√
2 ln 2 has to be taken into account because we defined
σeV as the full width at half maximum of the first absorption
peak, while σd equals the standard deviation on the particle size.
For the example given in figure 2.3, the 66meV peak width yields
σd=0.25 nm, in accordance with the TEM results.
2.2 Determination of the Q-PbSe concen-
tration
Practically all research on and applications of colloidal nanocrystal
suspensions require the knowledge of the particle concentration
c0. Through Beer’s law, it can be calculated from the absorbance
A if the sample length L and the molar extinction coefficient ε
are known: A = ε.c0.L. L is fixed by the length of the optical
cell. We determine the Q-PbSe molar extinction coefficient by
measuring the absorbance of a particle suspension of known c0. c0
is calculated from the Pb and Se atomic concentration, determined
by inductively coupled plasma mass spectrometry (ICP-MS), and
the particle size d, determined from the sizing curve.
2.2.1 Sample purity
As the Q-PbSe concentration is determined from the atomic Pb
and Se concentrations, it is crucial that the samples are free of
any unreacted PbOA2 or TOPSe precursors. We check this by
proton (1H) and phosphorous (31P) nuclear magnetic resonance
spectroscopy (NMR). An NMR sample is prepared by drying a
Q-PbSe suspension under a strong nitrogen flow, followed by re-
suspension in 750 µL of deuterated toluene (tol-d8). To identify
unreacted PbOA2 and TOPSe in the Q-PbSe suspension, we also
19
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prepare solutions of PbOA2 and of TOPSe in tol-d8. Absolute
concentrations of all organic species are determined by adding a
known amount (2 µL) of CH2Br2 to the Q-PbSe suspension as a
concentration standard. To ensure that the area under each res-
onance in the spectrum corresponds exactly to the concentration
of the respective protons in the sample, we apply a sufficiently
long delay d1 between scans in the experiment (the sum of d1 and
the acquisition time AQ has to be as long as five times the T1
relaxation rate for a 99% signal recovery). We measure the T1 re-
laxation rates of all species of interest (PbOA2, TOPSe, CH2Br2,
and the resonances in the Q-PbSe suspension) using the T1 inver-
sion recovery sequence and chose d1=45 s to fulfill the condition
d1+AQ > 5T1,max, with T1,max being the maximal relaxation rate
measured over all samples and resonances (T1,max=9.5 s, corre-
sponding to the CH2Br2 resonance). As the synthesis is carried
out with a 1M solution of TOPSe in TOP, we measure 31P NMR
spectra to distinguish between both species.
In figure 2.5(a) we show the 1H NMR spectra of PbOA2 (bot-
tom), TOPSe (middle) and the Q-PbSe suspension (top). The
sharp multiplet at 5.46 ppm in the PbOA2 spectrum, correspond-
ing to the alkene protons of OA, is not observed in the Q-PbSe
NMR spectrum. Instead, we see a broad signal at 5.67 ppm lack-
ing any fine structure. This resonance corresponds to the alkene
protons of the OA ligands attached to the nanocrystals. The ab-
sence of a sharp alkene signal shows that we have no free PbOA2
(and therefore no unreacted Pb atoms) in our sample. The NMR
spectrum of TOPSe and the Q-PbSe both show a sharp triplet at
0.92 ppm, corresponding to the methyl protons of TOPSe and/or
TOP. In a 31P spectrum however (figure 2.5(b)), TOP has a reso-
nance at -32 ppm (bottom), while TOPSe has a resonance around
35 ppm (middle). For the Q-PbSe suspension, we observe a sin-
gle resonance at 35.3 ppm (top), indicating that we have only free
TOPSe in our Q-PbSe suspension and no TOP. From the ratio of
the area under the 0.92 ppm resonance in the 1H spectrum and
the area under the 3.93 ppm resonance, corresponding to CH2Br2,
we then calculate a TOPSe concentration of 168 µM.
20
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Figure 2.5: (a): 1H NMR spectra of PbOA2 (bottom),
TOPSe (middle) and a Q-PbSe suspension (top) in tol-d8. (b)
31P NMR spectra of TOP (bottom), TOPSe (middle) and the
Q-PbSe suspension (top). All spectra are offset for clarity.
No sharp resonance at 5.46 ppm is observed in the Q-PbSe 1H
NMR spectrum, demonstrating the absence of PbOA2. The
31P spectra show that the species with a methyl resonance
at 0.92 ppm in the Q-PbSe suspension corresponds to TOPSe.
From the ratio of the areas under the methyl resonance and the
area under the CH2Br2 resonance at 3.93 ppm, we calculate a
TOPSe concentration of 168µM.
We know from our own experience and the report of Steckel
et al.21 that the reaction yield of the Q-PbSe synthesis is rather
low. Estimating a reaction yield of 2%, we calculate that, in the
NMR sample, the concentration of Se atoms incorporated in the
nanocrystals corresponds to 38.4 mM. Comparing this value with
the measured TOPSe concentration, we conclude that the fraction
of unreacted Se does not exceed 0.44% of the total Se concentration
in the sample. As this value falls well below the 5% uncertainty
on the determination of the Se concentration with ICP-MS, the
concentration of residual Se in our samples can be safely neglected.
2.2.2 ICP-MS measurements
To determine nanocrystal concentrations, a nanocrystal suspen-
sion is often digested in a strong acid, after which the anion or
cation concentration is obtained by quantitative elemental anal-
ysis. So far, reported results on binary semiconductor nanocrys-
tals have been based on the measurement of a single compound,
21
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d (nm) CPb (mg/L) CSe (mg/L) Pb:Se c0 (µM) A400 (cm
−1)
3.3 6.00 1.57 1.45 0.072 0.766
4.1 4.90 1.27 1.47 0.033 0.663
4.7 8.94 2.52 1.35 0.039 1.093
5.2 9.53 2.68 1.36 0.032 1.246
5.7 13.2 3.88 1.30 0.033 1.688
Table 2.1: Summary of the results obtained for the determi-
nation of the Q-PbSe molar extinction coefficient: nanocrystal
size d (determined using the sizing curve), Pb and Se weight
concentrations CPb and CSe, respectively, obtained from ICP-
MS, resulting Pb:Se ratio and Q-PbSe concentration c0, and
absorbance of the suspension at 400 nm A400.
under the assumption of a stoichiometric nanocrystal.22–25 How-
ever, recent experiments have shown that colloidal nanocrystals
can be non-stoichiometric. Jasieniak et al. have manipulated the
CdSe nanocrystal surface, yielding non-stoichiometric quantum
dots with a surface enriched in Cd or Se.26 Using X-ray photo-
electron spectroscopy, Guzelian et al. have determined an In:P
ratio of 0.86:1 for InP nanocrystals.27 ICP-MS measurements per-
formed on colloidal InAs nanocrystals have shown a systematic In
excess present in the samples.24 This was however not attributed
to the nanocrystals but rather regarded as a result of the incom-
plete removal of the In precursor.
To study the nanocrystal stoichiometry and accurately calcu-
late the Q-PbSe concentration, we rely on both the selenium and
the lead concentration. Five ICP-MS samples are prepared by
drying a known amount of Q-PbSe under a strong nitrogen flow
and digesting them in 10mL of HNO3. ICP-MS measurements are
performed with a PerkinElmer SCIEX Elan 5000 inductively cou-
pled plasma mass spectrometer. We determine both the Pb (CPb)
and the Se (CSe) weight concentrations in our samples, from which
the Pb:Se ratio is calculated. Table 2.1 summarizes the results.
Clearly, our Q-PbSe are non-stoichiometric. They show a system-
atic Pb excess for all samples studied, scaling with the inverse of
the nanocrystal surface area.
Considering that the PbSe unit cell contains eight atoms, the
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Figure 2.6: (a) The Q-PbSe molar extinction coefficient at
400 nm ε400 scales with the nanocrystal volume, implying that
the absorbance at this wavelength is no longer influenced by
quantum confinement. (b) Absorbance spectra of the five sam-
ples used. At energies well above the band gap, all spectra
coincide. This confirms that quantum confinement effects are
absent at these energies.
total number of atoms within a nanocrystal of size d is given by
(assuming a spherical particle, as shown by TEM measurements):
N =
4pi
3
(
d
a
)3 (2.3)
From N , CPb and CSe, and the molar masses of Pb (MPb) and Se
(MSe), the Q-PbSe concentration c0 (in µM) can then be calcu-
lated:
c0 =
103
N
(
CPb
MPb
+
CSe
MSe
) (2.4)
The Q-PbSe concentrations are listed in table 2.1.
2.2.3 The molar extinction coefficient
When measuring the absorbance of an equal amount of nanocrys-
tals as for the ICP-MS measurements, the molar extinction coef-
ficient can be derived from Beer’s law. Samples are prepared by
23
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drying an equal amount of nanocrystals, and suspending them in
1mL of CCl4. The absorbance is measured using a L=1 cm black
walled self masking optical cell. This cell ensures a linear increase
of the absorbance with nanocrystal concentration, even at high
absorbances. The absorbance at 400 nm A400 (in cm−1) is listed
in table 2.1. At this wavelength, the molar extinction coefficient
scales with the nanocrystal volume (figure 2.6(a)):
ε400 = (0.0277± 0.0005).d3 cm−1/µM (2.5)
The Q-PbSe size d is defined in nm. The cubic size dependence
shows that only the number of PbSe units present, and not the size
of the nanocrystals, determines the extinction coefficient of a Q-
PbSe suspension at these wavelengths. Consequently, ε400 is also
independent of size dispersion. Figure 2.6(b) shows the absorbance
spectra of the five samples, normalized to one at 3.1 eV (400 nm).
In accordance with results obtained above, at high photon energies
all spectra coincide, again showing that optical properties in this
spectral region are no longer influenced by quantum confinement.
In conclusion, the experimental determination of the molar
extinction coefficient ε allows us to conveniently calculate the na-
nocrystal concentration directly from the absorbance spectrum, as
the nanocrystal size can also be determined from the same spec-
trum through the sizing curve. We chose to evaluate  at 400 nm,
as at this wavelength, it only depends on the nanocrystal volume
and is no longer influenced by quantum confinement.
2.3 Mid-infrared PbSe nanocrystals
2.3.1 Evolution of the Q-PbSe size and concentra-
tion
With the sizing curve and molar extinction coefficient, we have
two powerful tools in hand to evaluate the evolution of the na-
nocrystal size and concentration during synthesis. To study the
change in size and size dispersion, we take several aliquots during
a Q-PbSe synthesis and measure the absorbance spectrum (figure
24
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Figure 2.7: (a) Series of absorbance spectra for different
aliquots taken during a Q-PbSe synthesis. All spectra are nor-
malized to one and the first spectrum is multiplied by 1.5 here-
after for clarity. (b) A rapid Q-PbSe growth is followed by an
almost linear increase in size after 2–3 minutes. (c) From this
time on, the nanocrystal size dispersion σd also starts to in-
crease. (d) The peak width σeV of the first absorption peak
however remains constant.
2.7(a)). All spectra are normalized to one at 400nm, except the
spectrum of the first aliquot, which is multiplied by 1.5 after nor-
malization for clarity. After a fast initial Q-PbSe growth to a size
of 5 nm during the first 2–3 minutes of the reaction, the increase in
size clearly slows down to an almost linear regime (figure 2.7(b)).
From this moment on, the relative size dispersion σd also starts to
increase (figure 2.7(c)), although the peak width σeV remains con-
stant (figure 2.7(d)). This effect can be understood from relation
2.2 between σd and σeV . Due to the decreasing slope of the sizing
curve (reducing the derivative dE0/dd as d increases), a constant
25
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Figure 2.8: (a) The Q-PbSe concentration during synthesis
decreases strongly as the nanocrystals grow larger. We observe
no influence of the growth temperature or oleic acid purity. (b)
The Pb (red) and Se (black) synthesis yield appears to saturate
when the particle size increases beyond ca. 5 nm, indicative of
Ostwald ripening. Trend lines are added as a guide to the eye.
σeV indeed leads to an increasing σd.
To gain more insight in the synthesis mechanism, the nano-
crystal concentration is evaluated for 41 syntheses, in which the
nanocrystal growth time is varied between 15 seconds and 10 min-
utes. All samples are suspended in 1mL of toluene after synthesis
to enable comparison of the concentration and synthesis yield be-
tween syntheses (figure 2.8). Syntheses are performed at different
growth temperatures (120: dots; 130: diamonds; 140: tri-
angles), using 98% pure (closed symbols) or technical (90%) oleic
acid (open symbols). c0 is not significantly influenced by either
the growth temperature or OA purity however.
Figure 2.8(a) clearly shows that the Q-PbSe concentration c0
decreases strongly as the nanocrystal size increases, implying that
a large part of the nanocrystals redissolves during particle growth
(up to 90% for 7 nm Q-PbSe). The synthesis yield first increases,
followed by a saturation toward a final Pb yield of 2.1% and Se
yield of 0.6% (figure 2.8(b)).
First of all, these final values confirm our previous estimate of
a synthesis yield of 2%, used to assess the sample purity in the
ICP-MS measurements. In contrast with many synthesis routes
developed for colloidal nanocrystals,28 the Q-PbSe synthesis ap-
parently has a very low yield. Secondly, the saturation behavior of
26
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Figure 2.9: (a) Series of absorbance spectra of mid-infrared
Q-PbSe. The band gap transition can be tuned from 2 to 3µm.
(b) Series of luminescence spectra of mid-infrared Q-PbSe. (c)
We observe a shape transition toward cubic particles for large
Q-PbSe.
the yield is typical for a growth through Ostwald ripening. Figure
2.8(b) shows that a shift toward growth through Ostwald ripen-
ing occurs when the particles reach ca. 5 nm. This also explains
the reduced growth speed and increase in size dispersion for larger
particles (figure 2.7).
2.3.2 Synthesis of MIR Q-PbSe
The transition toward Ostwald ripening strongly limits the final
particle size one can achieve by the Q-PbSe synthesis as described
in section 2.1.1. Q-PbSe with a size beyond 8 nm and a band
gap beyond 2 µm can still be synthesized however, through the
dropwise addition of precursors during synthesis.16
A typical synthesis starts by mixing 3.15mL of a 154mM
PbOA2 solution in DPE and 1.43mL of a 1M TOPSe solution
in TOP. This mixture is injected in 5mL of DPE at 160°. The
27
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temperature drops to 120°, but is raised again to 150° after four
minutes. After five minutes, a mixture of 9.45mL of PbOA2 and
4.35mL of TOPSe is added dropwise to the synthesis during 6–7
minutes. Depending on the desired size, the reaction is quenched
after an additional 0 to 10 minutes.
Figure 2.9(a) shows a series of absorbance spectra of MIR Q-
PbSe. The spectral position of the first absorption peak varies
from 2.35 µm to 3 µm. The sharp peaks in the spectra arise from
minor organic impurities. The nanocrystals are still luminescent
(figure 2.9(b)), although the photoluminescence efficiency is re-
ported to drop below 4% for Q-PbSe larger than 12 nm.16 Inter-
estingly, we observe a transformation toward cubic shaped nano-
crystals (figure 2.9(c)). Whereas the shape of small Q-PbSe is
dictated by a minimization of the surface free energy, resulting in
spheres, larger Q-PbSe transform into cubes, as the shape is ap-
parently no longer governed by thermodynamics, but results from
the disappearance of fast growing (111) lattice planes.
2.4 Improving the Q-PbSe stability
2.4.1 PbSe|CdSe core-shell nanocrystal synthesis
A major drawback for applications of PbSe nanocrystals is their
strong sensitivity to oxygen. This problem can be overcome how-
ever, by growing an inorganic shell of semiconductor material with
a larger band gap around the PbSe core. This reduces the interac-
tion of the electron and hole wavefunction with the particle surface
(as both carriers are confined to the core material), rendering them
optically stable even when the surface is oxidized during storage
or application under ambient atmosphere. A very compatible ma-
terial for PbSe is CdSe. It has a cubic crystal structure, with a
similar lattice parameter a=6.077A˚ as PbSe (a=6.1255A˚). This
will strongly reduce strain at the PbSe|CdSe interface. In addi-
tion, cubic CdSe has a bulk band gap of 1.74 eV, large enough to
completely enclose the Q-PbSe band gap.
The CdSe shell is grown by means of a cation exchange re-
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Figure 2.10: (a) Series of absorbance spectra for aliquots
taken a different times during CdSe shell growth. We observe
a strong blue shift due to the cation exchange reaction. After
80 minutes, the spectrum broadens severely. (b) Increase in
effective shell thickness ds as a function of time. For a 10:1
Cd:Pb ratio (diamonds), we obtain a thicker shell as for a 1:1
Cd:Pb ratio (triangles).
action.29 In this reaction, cadmium atoms replace the outermost
Pb atoms in the nanocrystals, effectively forming a CdSe shell
around a PbSe core of reduced size. In a typical synthesis, 9.5mL
of toluene is heated to 100, after which 500 µL of a 5 µM sus-
pension of Q-PbSe is added. After the temperature reaches 100
again (this occurs within one minute), 3mL of octadecene (ODE),
containing 0.02 to 2mmol of dissolved cadmium oleate (CdOA2),
is injected swiftly. Higher amounts of CdOA2 are used to obtain
a thicker shell. The shell is allowed to grow for 5 minutes up to
5 hours, depending on the desired shell thickness. The reaction
is then quenched by the addition of 10mL of BuOH and 10mL
of MeOH. After centrifugation and decantation, the nanocrystals
are dissolved in 1mL of toluene. 2mL of MeOH is added to pre-
cipitate the particles again, and after a second centrifugation and
decantation step, the particles are finally suspended in 1mL of
toluene.
Figure 2.10(a) shows a series of absorbance spectra for aliquots
taken at different times during synthesis. In this case, we start
from 6.3 nm Q-PbSe. The amount of lead atoms is calculated from
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the nanocrystal concentration and we use a 1:1 Cd:Pb molar ratio
for the shell growth (sample A). Immediately after injection, we
observe a blue shift of the absorption peak. The first 4 aliquots,
up to a time of 40 minutes, still show a sharp first absorption
peak. From aliquot 5 (80 minutes) on however, severe broadening
starts to cloak the absorption features. Similar absorption spectra
are obtained when performing a shell growth with a 10:1 Cd:Pb
ratio, using 6.9 nm Q-PbSe (sample B). In this case, we observe a
stronger blue shift of the band gap. As the initial size d0 of both
syntheses is slightly different, results are compared by calculating
the effective size d from the spectral position of the first absorption
peak, and deriving the effective shell thickness ds:
2ds = d0 − d (2.6)
Compared to the band gap of an organic ligand shell (ca. 5 eV30),
the expected reduced band gap of a inorganic CdSe shell will
reduce the potential well surrounding the PbSe core and allow
for a larger evanescent tail of the electron and hole wavefunction.
Therefore, this calculation will possibly overestimate the core size;
nevertheless, it still allows for a semi-quantitative comparison of
the shell thickness. Figure 2.10(b) clearly shows a faster shell
growth and an increased final shell thickness when using a 10:1
Cd:Pb ratio. Consequently, the Cd:Pb ratio can be varied to tune
the CdSe shell thickness.
2.4.2 Structure analysis
The last aliquot of sample B, taken after 5 hours and 20 minutes, is
used for a TEM comparison of the particles before and after shell
growth. The measurements confirm the cation exchange mecha-
nism. The total particle size remains constant (we measure a size
difference of only 3.6 A˚ between core and core-shell nanocrystals,
figure 2.11(b)), and we observe a clearly different crystal struc-
ture in the core part of the nanocrystal (figure 2.11(c)). Energy
dispersive X-ray (EDX) analysis confirms the presence of both
Pb and Cd in the nanocrystals (figure 2.11(d)). After analysis of
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Figure 2.11: (a) TEM overview of PbSe|CdSe core-shell na-
nocrystals. (b) Size histogram of the Q-PbSe before shell
growth (top) compared to the corresponding core-shell parti-
cles (bottom). We observe a minor decrease in size (3.6 A˚). (c)
HR-TEM image of a single core-shell nanocrystal. The PbSe
core can clearly be distinguished from the CdSe shell. (d) The
EDX spectrum shows the presence of both Cd and Pb, con-
firming the CdSe shell growth. (e) Core-shell nanocrystal with
a core located at the particle edge and (f) with an elongated
core shape. The scale bar in (c), (e) and (f) equals 2 nm.
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multiple images, we observed that the PbSe core location varies
strongly among particles. It can be situated in the center of the
particle (figure 2.11(c)), as well as near the particle edge (fig-
ure 2.11(e)). We also observe strong core shape variations (figure
2.11(f)). These strong fluctuations in both shape and location
might explain the broad absorption features for this sample.
2.4.3 Stability under ambient atmosphere
To study the evolution of the absorbance spectrum when stored
under ambient atmosphere, a PbSe|CdSe core-shell nanocrystal
suspension is prepared starting from 6.1 nm Q-PbSe, using a 10:1
Cd:Pb ratio and growing the CdSe shell for 6 minutes. Figure
2.12(a) shows the absorbance spectra of the original core and
the corresponding core-shell nanoparticles (black curves). From
the spectral positions of the absorption peak, we calculate a shell
thickness of 1.1 nm.
Absorbance spectra are measured at different times during
storage of the nanocrystals under ambient atmosphere. The ab-
sorption peak of the Q-PbSe core particles shows a 127 nm blue
shift after 26 days (figure 2.12(a), top curves). From the band gap,
an effective size is determined using the sizing curve. The results
yield a final decrease in effective size of 6.8 A˚ after 26 days, which
is somewhat more than a single monolayer (figure 2.12(b)). In
contrast, the core-shell nanocrystal stability is strongly enhanced
under similar conditions. We observe no more than a 26 nm blue
shift of the absorbance peak (figure 2.12(a), bottom curves), cor-
responding to a decrease in effective size of 1.3 A˚(figure 2.12(c)).
The minor shift still observed for the core-shell nanocrystals
might be the result of the short time during which the shell is
allowed to grow. This could lead to a minor fraction of Pb atoms
near the nanocrystal surface which have not yet been replaced,
consequently shifting the absorption peak upon oxidation.
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Figure 2.12: (a) Series of Q-PbSe core (top) and Q-
PbSe|CdSe core-shell (bottom) absorbance spectra taken at
different times during storage under ambient conditions. We
observe a strong blue shift for the core particles, in contrast
with the core-shell nanocrystals. (b) The decrease in effective
size for Q-PbSe equals 6.8 A˚ after 26 days. (c) The core-shell
nanocrystals shows only a 1.3 A˚ decrease in size, demonstrating
their enhanced stability.
2.5 Conclusions
Q-PbSe with sizes between ca. 2.5 and 15 nm are synthesized us-
ing the hot injection method. The band gap is tunable between
1 and 3 µm, or 0.4–1.2 eV. The synthesis yields highly lumines-
cent Q-PbSe suspensions with a small size dispersion (< 5%).
Small particles have a spherical shape, which transforms into a
cubic shape when they grow larger through dropwise addition of
precursors during synthesis. All particles have a rocksalt crystal
structure, with a lattice parameter equal to bulk PbSe.
The particle diameter, measured with TEM, is correlated to
the band gap for the construction of a sizing curve. In combination
with the molar extinction coefficient at 400 nm, which increases
with the particle volume at this wavelength, we can conveniently
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derive both the particle size and concentration directly from the
absorbance spectrum.
Q-PbSe show a fast oxidation under ambient conditions. The
particle stability is drastically improved however by growing an
inorganic CdSe shell around the PbSe core through a cation ex-
change mechanism.
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Synthesis of PbS nanocrystals
3.1 Q-PbS synthesis
Our Q-PbS synthesis is inspired by the procedure described by
Cademartiri et al.25 As for the Q-PbSe synthesis, the entire syn-
thesis is carried out under a nitrogen atmosphere to avoid oxida-
tion. First, a stock solution of 0.16 g (5mmol) of sulfur, dissolved
in 15mL of oleylamine (OLA), is heated to 120 for 30 minutes
and afterward cooled down to room temperature. In a three-neck
flask, 0.56 g (2mmol) of PbCl2 is mixed with 10mL of oleylamine
(OLA) and heated to 75–150. After 30 minutes, 3mL of the
sulfur stock solution is mixed with 3mL of OLA and swiftly in-
jected into the three-neck flask. When the desired growth time is
reached, the reaction is quenched by addition of 20mL of BuOH
and 10mL of MeOH. After centrifugation and decantation, the
nanocrystals are suspended in toluene and stored under nitrogen
and in the dark.
Absorbance spectra of aliquots taken at different times (be-
tween 1 and 20 minutes) during a synthesis with an injection tem-
perature of 125, are shown in figure 3.1(a). We obtain a sharp
first absorption peak, but observe only a small red shift (100 nm)
with increasing growth time. Changing the injection temperature
to 150 or 75 does not significantly widen the available size
range, as the first absorption peak for all absorbance spectra falls
35
III. Q-PbS Synthesis
A
b
s
o
r
b
a
n
c
e
18001600140012001000800
Wavelength (nm)
A
b
s
o
r
b
a
n
c
e
18001600140012001000800
Wavelength (nm)
(c)
1800
1600
1400
1200
1000
l
0
 
(
n
m
)
20151050
Time (min)
(b)
1800
1600
1400
1200
1000
l
0
 
(
n
m
)
403020100
Time (min)
(d)
(a)
Figure 3.1: (a) Series of absorbance spectra of a Q-PbS syn-
thesis performed in OLA. (b) Typical evolution of the absorp-
tion peak during a synthesis at 75° (dots), 125° (squares) and
150° (diamonds). (c) Series of absorbance spectra of a Q-PbS
synthesis performed in OLA, with 225µL of TOP added. (d)
Typical evolution of the absorption peak during a synthesis at
125° (dots), 150° (squares) and 175° (diamonds). We observe
a much stronger particle growth as in (b).
in the range 1260–1550 nm (figure 3.1(b)).
A strong tuning of the Q-PbS size is achieved however by the
addition of 225 µL (0.5mmol) of TOP to the injected sulfur solu-
tion. This transforms 0.5mmol of the 1mmol of sulfur that we
inject, to TOP-sulfide (TOPS). Figure 3.1(c) shows a series of ab-
sorbance spectra taken at different times (between 1 and 40 min-
utes) during a synthesis with an injection temperature of 150.
Clearly, in contrast with the previous results, we observe a strong
red shift (375 nm) of the absorption peak with increasing growth
time. By varying the injection temperature between 125 and
175, particles can now be synthesized with a first absorption
peak in the range 900–1750 nm (figure 3.1(d)).
When performing a synthesis without TOP, the results sug-
gest that PbCl2 and sulfur are highly reactive. As we work with a
twofold excess of PbCl2, a strong nucleation event probably leads
to an almost complete depletion of the sulfur precursor in the
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Figure 3.2: (a): XRD pattern of PbS nanoparticles. The
Q-PbS crystal structure corresponds to the bulk PbS rocksalt
structure (vertical lines), with a lattice parameter a=5.936A˚.
(b): Typical HR-TEM image of a single PbS nanocrystal.
synthesis mixture. Consequently, we observe no significant par-
ticle growth. When transforming half of the sulfur into TOPS,
the absorbance spectra suggest that the (apparently) less reactive
TOPS does not partake in the nucleation. After nucleation, it can
however be consumed during the particle growth. This leads to a
strongly increased range of particle sizes.
After synthesis, the nanocrystals cannot be precipitated and
resuspended more than once. A turbid suspension results, clearly
indicating a loss of ligands and subsequent Q-PbS clustering.
Therefore, the Q-PbS organic ligand shell, consisting of OLA, is
substituted by OA, by adding 400 µL of OA to the nanocrystal
suspension, followed by precipitation with an excess of MeOH
and centrifugation. After decantation, the nanocrystals are resus-
pended in toluene, and precipitated again with MeOH to further
remove impurities. After this second centrifugation and decanta-
tion step, the particles are finally suspended in toluene and stored
under nitrogen and in the dark. After capping exchange, the
particles can be precipitated several times, suggesting a successful
exchange of the capping to OA.
3.2 Structure analysis
Similar to Q-PbSe, we determine the Q-PbS crystal structure with
powder X-ray diffraction. Figure 3.2(a) shows that Q-PbS have a
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Figure 3.3: (a) Series of Q-PbS absorbance spectra. Only
two transitions can be observed in a Q-PbS absorbance spec-
trum, in contrast to Q-PbSe. (b) The nanocrystals show a
strong band edge luminescence. (c) The absorbance spectrum
does not change during storage of a suspension under ambient
conditions for six weeks.
rocksalt crystal structure, with a lattice parameter equal to bulk
PbS (a =5.936A˚). These results are confirmed by HR-TEM mea-
surements on individual nanoparticles (figure 3.2(b)). The images
also show that the Q-PbS have a spherical shape.
3.3 Optical properties
Figure 3.3(a) shows an overview of typical absorbance spectra of
Q-PbS obtained by the methods described above. The first ab-
sorption peak can be tuned from 900 nm to 1750 nm, covering
the entire telecom spectral range. In contrast to Q-PbSe, only
two transitions can be distinguished. This interesting difference is
currently unexplained, and highlights the need for a better theo-
retical understanding of the nature of the lead chalcogenide Qdot
band structure. OA capped Q-PbS are also highly luminescent
(figure 3.3(b)). We obtain a (qualitatively) similar yield as for Q-
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Figure 3.4: The band gap E0 plotted as function of the Q-
PbS size d (dots), together with experimental (open circles,
open triangles) and theoretical (open diamonds) literature val-
ues. A fit yields the sizing curve (full line), which enables us to
calculate the size directly from the absorbance spectrum. The
dotted line denotes the bulk PbS band gap
PbSe. In addition, Q-PbS are stable under ambient atmosphere,
in contrast to Q-PbSe. Figure 3.3(c) shows that the absorbance
spectrum does not change during storage under ambient atmo-
sphere for six weeks.
3.4 Sizing Curve
We use five Q-PbS suspensions to measure the mean particle di-
ameter d with TEM and correlate it with the band gap E0, to
construct a sizing curve. The result is shown in figure 3.4 (dots),
together with experimental data of Cademartiri et al.25 (open cir-
cles, sizes determined with TEM) and data of Borrelli and Smith31
(open triangles, sizes determined with XRD). Theoretical tight
binding calculations are indicated by open diamonds.32 A fit to
the experimental data shows that the band gap varies mainly with
1/d, in accordance with the results obtained on Q-PbSe:
E0 = 0.41 +
1
0.0252.d2 + 0.283.d
(3.1)
Using the sizing curve, equation 2.2 yields the Q-PbS size dis-
persion σd. It varies between 7 and 10% when Q-PbS are synthe-
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Figure 3.5: 1H NMR spectrum of a typical Q-PbS suspen-
sion in tol-d8. Next to sharp resonances at 3.93 ppm (CH2Br2),
2.12 ppm (methanol?) and 2.09 ppm (tol-d8), we observe only
broad OA ligand resonances. This demonstrates that the sam-
ple is free from unreacted precursors.
sized using TOP. When performing the synthesis without TOP,
σd could be limited to 5–6%.
3.5 Concentration determination
3.5.1 Rutherford backscattering spectroscopy
To calculate the concentration of PbS nanocrystals and the cor-
responding molar extinction coefficient, a known amount of four
Q-PbS samples is digested in HNO3, in a similar way as for the
determination of the Q-PbSe concentration. The Pb concentra-
tion is determined with ICP-MS. We are not able to determine
the S concentration, due to the low sensitivity of ICP-MS to sul-
fur, combined with the possible rapid formation of volatile H2S.
Instead, we use Rutherford backscattering spectroscopy (RBS) to
measure the Pb:S atomic ratio of five independent samples. As
Q-PbS are synthesized from PbCl2, the Pb:Cl ratio is determined
as well.
For both ICP-MS and RBS, it is crucial that we work with
samples which contain no unreacted precursor molecules. In anal-
ogy with Q-PbSe, a Q-PbS NMR sample is prepared by drying a
typical Q-PbS suspension, followed by resuspension of the parti-
cles in 750 µL of tol-d8. 2 µL of CH2Br2 is added as a concentration
standard, and the 1H NMR spectrum is measured under quanti-
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Figure 3.6: Typical RBS spectrum, obtained on a 133 nm
thick close-packed film of 5.9 nm Q-PbS. We observe three
peaks; the ones corresponding to S and Cl are magnified 20
times.
tative conditions (figure 3.5). We observe only broad resonances,
attributable to the oleic acid ligands, next to the resonances per-
taining to CH2Br2 (3.94 ppm), residual toluene (2.09 ppm), and
possibly methanol (singlet resonance at 2.12 ppm). This allows us
to conclude that the sample is free of unreacted precursors.
Rutherford backscattering is a technique based on the collision
of high energy ions (typically helium) with the nuclei of a solid
material. Although most ions pass through the sample, Coulomb
interactions lead to some backscattering. The mechanism strongly
depends on both the mass and scattering cross section of the target
nuclei. When measuring the flux and energy of the backscattered
ions, concentrations of the respective atoms that build up the solid
can therefore be determined.
RBS samples are prepared by dropcasting a known amount of
Q-PbS on a MgO substrate, hereby forming a 100–200 nm close-
packed thin film of Q-PbS. The measurements are performed with
a 2.5MeV He+ ion beam and a solid state detector placed at a
backscattering angle of 165°. The high energy of the beam ensures
that S and Cl, atoms with a comparable mass, provide resolved
signals.
Figure 3.6 shows a typical RBS spectrum, measured on 5.9 nm
Q-PbS. Three peaks are observed, corresponding to ions which
have collided with Pb, S, and Cl, respectively. From the area
under the peaks, we determine the respective atomic ratios. Table
3.1 summarizes the resulting Pb:S and Cl:Pb ratio for our five
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d (nm) Pb:S Cl:Pb
3.7 1.37 0.49
4.1 1.23 0.38
4.9 1.26 0.37
5.9 1.27 0.32
6.8 1.28 0.34
Table 3.1: Size d of the five samples used for RBS, together
with the Pb:S and Cl:Pb ratio obtained. All Q-PbS samples
show a Pb excess.
d (nm) CPb (mg/L) Pb:S c0 (µM) A400 (cm
−1)
3.6 5.78 1.37 0.054 0.563
4.5 7.08 1.26 0.033 0.707
5.4 7.65 1.26 0.021 0.761
6.5 4.98 1.26 0.008 0.504
Table 3.2: Size d, weight concentration CPb, obtained with
ICP-MS, Pb:S ratio (obtained from RBS), resulting nano-
crystal concentration c0 and absorbance of the suspension at
400 nm A400.
samples. We estimate the error on the data to be 2.5%. The
sample with the smallest size shows a Pb:S ratio of 1.37:1. For
all other samples however, within experimental error, we obtain
an average ratio of 1.26:1. These results demonstrate that, like
Q-PbSe, Q-PbS are non-stoichiometric, showing a systematic Pb
excess. Interestingly, a significant amount of Cl is also present,
at ratios which are consistent with results of Cademartiri et al.33
Most likely, the Cl-atoms reside at the nanocrystal surface.
Taking the Pb:S stoichiometry into account, the Pb weight
concentration, determined with ICP-MS, yields the nanocrystal
concentration (see section 2.2 for calculations). Table 3.2 shows
the results for the four samples measured. Note that, in accor-
dance with the RBS measurements, we take a Pb:S ratio of 1.37:1
for the 3.6 nm Q-PbS, while for the other samples, a ratio of 1.26:1
is used.
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Figure 3.7: (a) The Q-PbS molar extinction coefficient at
400 nm ε400 (circles) scales with the nanocrystal volume, im-
plying that the absorbance at this wavelength is no longer in-
fluenced by quantum confinement. (b) Normalized absorbance
spectra of the four samples used to determine ε. At energies
well above the band gap, all spectra coincide. This confirms
that quantum confinement effects are absent at these energies.
3.5.2 The molar extinction coefficient
From the absorbance of an equal amount of nanocrystals, the mo-
lar extinction coefficient is again derived using Beer’s law. Samples
are prepared by drying a known amount of Q-PbS, and suspending
them in 1mL of C2Cl4. The absorbance at 400 nm A400 (in cm−1)
is listed in table 3.2. At this wavelength, the molar extinction
coefficient scales with the nanocrystal volume (figure 3.7(a)):
ε400 = (0.0233± 0.0001).d3 cm−1/µM (3.2)
The Q-PbS size d is defined in nm. As with Q-PbSe, the cubic
size dependence demonstrates that the Q-PbS optical properties
at energies well above the band gap are not influenced by quan-
tum confinement. This result is also apparent from the absorbance
spectra, normalized at 400 nm, as all spectra coincide at high en-
ergies (figure 3.7(b)).
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3.6 Conclusions
Spherical Q-PbS with sizes varying between 2.9 and 7.2 nm are
synthesized using a hot injection method. The size range enables a
tuning of the band gap between 900 and 1750 nm, or 0.71–1.38 eV.
As with Q-PbSe, the particles have a rocksalt structure with a
lattice parameter equal to bulk material.
The Q-PbS sizing curve and molar extinction coefficient also
show much resemblance to Q-PbSe, most probably due to their
similar band structure. In both cases, the sizing curve varies with
d−1, in accordance with theoretical calculations. In addition, the
molar extinction coefficient at 400 nm increases with the particle
volume, indicating that the optical properties are bulk-like at these
wavelengths. Luminescence properties are also comparable to Q-
PbSe.
Q-PbS have an additional benefit with respect to Q-PbSe how-
ever. They are much more resistant against oxidation, showing no
significant blue shift of the optical properties after storage under
ambient conditions for six weeks.
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Part 2
Surface chemistry of colloidal
semiconductor nanocrystals

Introduction
Most colloidal nanocrystals come with a capping of organic
ligands, and the chemistry of this organic|inorganic interface
strongly affects their physical and chemical properties. Recently,
interest in this intimate interplay between the ligands and the
nanocrystal surface has grown considerably. For instance, by lim-
iting the growth rate of specific lattice planes during synthesis, the
ligands determine the size and shape of the nanocrystals, leading
to the growth of quantum rods, wires, tetrapods or even tear
drops.1 In addition, the ligands ensure colloid stability by steric
hindrance, and the type of ligands (hydrophobic vs hydrophilic)
determines the nanocrystal solubility.2 A good ligand shell also
passivates surface states efficiently, yielding nanocrystals with a
high photoluminescence quantum yield.3
The examples make it clear that the ligands play an essential
role in the nanocrystal synthesis and processing. Yet, at present,
a major problem hampering the routine chemical investigation of
the organic|inorganic interface is the lack of well-established meth-
ods to identify and quantify the nanocrystal ligands and the corre-
sponding ligand dynamics.1 As a result, the role of the ligands and
the effect of ligand engineering have mostly been demonstrated by
indirect means.
Observation of nanocrystal ligands
In several studies, the role of the ligand is probed indirectly by
studying a change in luminescence.4–7 Starting from a given na-
nocrystal suspension, typically an excess of new ligands is added,
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after which the suspension is left stirring at elevated temperature
to facilitate capping exchange. As the ligands passivate surface
states, luminescence quenching or enhancement is then taken as
evidence for efficient capping exchange. Although this method
provides valuable information from a practical perspective, it does
not reveal direct information on the exchange mechanism, nor does
it yield quantitative information with regard to the number of orig-
inal ligands still present on the nanocrystal surface.
A similar reasoning is applied to capping exchange procedures,
where colloidal nanocrystals are transferred from an organic phase
to water.8–10 In this case, the dispersibility acts as evidence for
efficient capping exchange. Again, from a practical perspective,
the most important property of these ligand-exchanged particles
is indeed their dispersibility in water, preferably while retaining
their luminescent properties. Yet, more insight could again be
gained from a quantification of the ligand exchange.
In nanocrystal solids, an often used criterion for efficient cap-
ping exchange is a change in conductivity after exposure of the
sample to an excess of new ligands. Indeed, in the case of a Q-
PbSe solid, this was observed after treatment of the samples with
a solution of hydrazine in acetonitrile.11 Unfortunately, this indi-
rect observation again does not provide a mechanism behind the
conductivity increase. Further experiments confirmed that it is in
fact a rather complex story, in which the role of the solvent cannot
be neglected.12
To overcome the problems stated above, essentially two tech-
niques have emerged that allow for a direct observation of the
nanocrystal ligands. To address the interaction of a ligand with
the nanocrystal surface, synchrotron X-ray photo-electron spec-
troscopy (XPS) is often used, as it can probe the various elements
present in the nanocrystal core and on the surface.13–15 However,
as these experiments are carried out on nanocrystal solids, traces
of unreacted precursors present might lead to spurious results,
interpreting them as ligands. Therefore, a careful assessment of
the sample purity is crucial in these measurements. In addition,
the measured spectra require an extensive modeling in order to
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attribute the observed signals to core and surface atoms respec-
tively.
A closely related measurement is Rutherford backscattering
spectroscopy. This experiment does not provide information on
the exact location of the atoms of interest (in the core or on the
surface), but nevertheless, Taylor et al. have shown that the pres-
ence of for instance phosphorous atoms in a Q-CdSe sample can
be interpreted as evidence for TOPO ligands.16
The second technique, which is the subject of this work, is solu-
tion nuclear magnetic resonance (NMR) spectroscopy. It has been
applied on nanocrystal suspensions for more than 15 years,6,8,17–24
yet until recently, in most experiments the discrimination between
free and bound ligands remains difficult. In this chapter, we will
show how the application of various NMR techniques can lead to
unambiguous ligand identification and quantification.
The basics of NMR
In solution nuclear magnetic resonance spectroscopy,25 we inves-
tigate organic species dissolved or suspended in a deuterated sol-
vent. The atoms of interest (typically 1H, 13C, 15N and 31P) carry
a nuclear spin. We will explain the technique for 1H, although
the principle also applies to the other nuclei. In NMR, the sample
is placed in a homogeneous magnetic field B0 (directed along the
z-axis), lifting the spin degeneracy and creating nuclei in a spin
up or spin down state, respectively.
At any given temperature, a slight excess of spin up protons
produces a net magnetization M along the z-axis (figure 1(a)).
With a radio-frequency magnetic pulse B1, orthogonal to B0 and
along the x-axis, M is rotated into the xy-plane, along the y-axis
(figure 1(b)). After excitation, M precesses around B0 at its Lar-
mor frequency ω0= γB0, with γ the proton gyromagnetic ratio
(figure 1(c)). For an observer along the y-axis, this precession
is perceived as an oscillating magnetic field. The measured os-
cillation yields, after Fourier transformation, a peak in the NMR
spectrum at angular frequency ω0.
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Figure 1: (a) When placed in a homogeneous magnetic field
B0, the
1H spin degeneracy is lifted. A slight excess of spin up
protons yields a net magnetization M along the z-axis. (b) By
applying a radio frequency magnetic pulse B1, M is rotated
in the xy-plane. (c) After excitation, M precesses around B0
with its Larmor frequency ω0, yielding an oscillating magnetic
field along the y-axis.
Off course, if the proton NMR signal is only induced at ω0,
one would not be able to retrieve much information on the or-
ganic species of interest. However, the magnetic field experienced
by each proton depends on its local environment. In the presence
of a magnetic field, circulating electrons effectively shield the nu-
cleus and reduce B0 to a local field Beff , hereby producing a signal
at ω= γBeff . In organic molecules, this electron shielding will be
different at various proton sites, due to for instance the nature of
the chemical bonds between the atoms, and it is sufficient to pro-
duce resolved signals and assign the various peaks in a spectrum
to their respective protons. The spectrum is conveniently plotted
on a relative scale δ, called the chemical shift:
δ =
ω − ωTMS
ωTMS
106ppm (1)
with ωTMS the Larmor frequency of tetramethylsilane (TMS), a
reference compound. Due to the small Larmor frequency differ-
ences, the chemical shift is expressed in parts per million (ppm).
Figure 2 shows the 1H spectrum of oleic acid in deuterated chloro-
form (chloro-d1), with for instance a resonance at 0.93 ppm, which
can be assigned to the end methyl group, and a resonance at
5.39 ppm, corresponding to the alkene protons. The assignment
of the other resonances is indicated on the figure.
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Figure 2: 1H NMR spectrum of oleic acid in chloro-d1. The
resonance at 0.93 ppm for instance, can be assigned to the
methyl protons.
Two mechanisms lead to relaxation of the nuclear spins. T1, or
spin-lattice relaxation, describes the restoration of thermal equi-
librium. This corresponds to the recovery of the magnetization
along the z-axis, when spins relax back to their ground state after
excitation:
Mz =Mz,eq(1− e−t/T1) (2)
The main relaxation path is through the loss of energy to vibra-
tional and rotational modes of the surrounding medium (the lat-
tice).
T2, or spin-spin relaxation describes the decay of net magneti-
zation in the xy-plane:
Mxy =Mxy,0e−t/T2 (3)
Neglecting the instrumental field inhomogeneity, they arise from
local field fluctuations due to rotational motions of the protons.
This leads to a dephasing of the individual nuclear spins and con-
sequently a reduction of the magnetization in the xy-plane (figure
3(a)). It results in an exponential decay of the observed NMR
signal, with a corresponding line width F (full width at half max-
imum) after Fourier transformation equal to:
F =
1
piT2
(4)
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Figure 3: (a) T2 relaxation occurs due to the dephasing of
individual nuclear spins, causing an exponential decay of the
magnetization in the xy-plane. (b) Typical evolution of T1 and
T2 with increasing rotational correlation time τc. T1 shows a
minimum, while T2 decreases monotonically.
T1 and T2 relaxation depend strongly on the proton rotational
mobility, characterized by the rotational correlation time τc:
τc =
η
kBT
pid3H
6
(5)
with η the solvent viscosity and dH the hydrodynamic diameter.
Note that a large τc corresponds to a small rotational mobility.
Without going into further detail, figure 3(b) shows the typical
evolution of T1 and T2 as τc increases.
2D experiments
In general, a single 1H NMR spectrum does not provide sufficient
information to assign each NMR resonance and resolve the struc-
ture of an organic molecule, but the NMR spectroscopist has a
myriad of 2D techniques available which assist in a complete as-
signment.25 We highlight two of them, used in the context of our
research, without going into further detail on the exact pulse se-
quences used.
The first technique, correlation spectroscopy (COSY), maps
scalar through-bond interactions between protons which are no fur-
ther apart than three chemical bonds. In practice, this typically
implies protons which are bonded to two adjacent carbon atoms
in an organic molecule. The measurement results in a 2D COSY
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Figure 4: (a) COSY spectrum of oleic acid in chloro-d1.
The resonance at 0.93 ppm for instance, corresponding to the
methyl protons, is correlated with its neighboring methylene
protons (dotted lines), as indicated by the cross-peaks. The
diagonal is indicated by a dashed line. (b) 1H-13C HSQC spec-
trum of oleic acid. The methyl group (box, black) shows a peak
at a chemical shift of 0.93 ppm / 14.2 ppm. Other peaks cor-
respond to CH2n groups, as indicated by their different color
(gray).
spectrum, where the 1H spectrum is recovered on the diagonal,
and the correlated protons show cross-peaks above and below the
diagonal. Figure 4(a) shows the COSY spectrum of oleic acid in
chloro-d1. Starting from a resonance which is already assigned to
its protons (for instance the methyl group at 0.93 ppm), one can
then follow the subsequent correlations to assign other resonances
to their respective CHn groups.
The second technique, proton–carbon heteronuclear single
quantum coherence spectroscopy (1H-13C HSQC), correlates the
1H chemical shift of a proton to the 13C shift of the carbon to
which it is bonded (figure 4(b)). A 2D HSQC spectrum allows
for a mapping of the proton resonances to the resonances of
their respective carbon atoms, providing further information for
the assignment. This technique can also differentiate between
CH2n groups and CH2n+1 groups, showing a different sign for the
respective cross-peaks (multiplicity edited HSQC).
57
58
Chapter IV
Surface chemistry of InP
nanocrystals
4.1 Q-InP synthesis and elemental proper-
ties
InP nanocrystals are synthesized according to established litera-
ture methods.13,26 The entire synthesis is carried out under a ni-
trogen atmosphere to avoid oxidation. Briefly, indium trichloride
and tris(trimethylsilyl) phosphine precursor solutions are injected
in a mixture of TOP and TOPO at elevated temperatures. After
growing the particles for six days, the reaction is quenched to room
temperature by the addition of cold toluene. The procedure yields
a polydisperse suspension of InP nanocrystals. After precipitation
of the particles and resuspension in toluene, the size dispersion is
reduced by size-selective precipitation. Upon addition of methanol
(a solvent in which the particles cannot be suspended), larger par-
ticles tend to cluster and precipitate more easily than smaller ones,
due to the larger van der Waals interactions between them. When
adding only a small amount of methanol to the suspension, this
effect can be exploited to selectively precipitate the largest par-
ticles while keeping the smaller ones suspended. After repeated
methanol addition, precipitation and decantation steps, typically
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Figure 4.1: (a) Series of Q-InP absorbance spectra. The first
absorption peak can be tuned from 550 nm to 700 nm. (b) The
Q-InP XRD pattern shows that the nanocrystals have a zinc
blend crystal structure, with a lattice parameter equal to bulk
InP. (c) Sizing curve for Q-InP. In contrast with lead chalco-
genide nanocrystals, we observe a quadratic size dependence.
(d) The Q-InP molar extinction coefficient at 350 nm shows
a cubic size dependence (dots: data obtained by Talapin et
al.27).
20 to 25 fractions are obtained from a single synthesis. The nano-
crystals are finally suspended in toluene and stored under nitrogen
and in the dark.
A typical series of Q-InP absorbance spectra is shown in figure
4.1(a). Bulk InP has a band gap of 1.35 eV (absorption edge at
961 nm). Due to quantum confinement, the Q-InP absorption peak
varies between 550 nm and 700 nm. The XRD pattern in figure
4.1(b) demonstrates that Q-InP have a zinc blend crystal struc-
ture, with a lattice parameter equal to bulk InP (a=5.8687 A˚).
TEM sizes are correlated with the Q-InP band gap (figure
4.1(c)), to which we fit following sizing curve:
E0 = 1.35 +
1
0.119.d2
(4.1)
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In contrast with the results obtained on lead chalcogenide nano-
crystals, Q-InP show a quadratic size dependence. When calculat-
ing the size dispersion using equation 2.2, we find values of 8–10%.
Q-InP concentrations are determined from literature data of
Talapin et al. on the molar extinction coefficient (figure 4.1(d)).27
A cubic power law fitted to the data yields following relation:
εInP,350 = 0.0386 . d3 cm−1/µM (4.2)
Both equations enable us to conveniently determine the Q-InP size
and concentration directly from the absorbance spectrum.
4.2 Identification of the Q-InP ligands
4.2.1 Introduction
As stated in the introduction of this part, we study the or-
ganic ligands with solution nuclear magnetic resonance spec-
troscopy. NMR measurements are performed on a Bruker DRX
500 equipped with a 5mm TBI Z gradient probe head, operating
at 1H and 13C frequencies of 500.13 and 125.76MHz respectively.
We perform all experiments at a temperature of 295K unless
stated otherwise. To identify the molecules in suspension, we
use different NMR techniques. 1H and 31P NMR spectra are
already briefly touched upon in section 2.2.1. In this part, we
combine these measurements with pulsed field gradient diffusion
ordered spectroscopy (DOSY),28–30 1H-1H COSY and 1H-13C
HSQC. DOSY measurements are performed using the standard
bipolar LED (BPP-LED) sequence without temperature control,
hereby avoiding convection artifacts. For an adequate sampling
of the slowest diffusing species, we use a gradient pulse duration
δ of 5-6ms and a diffusion delay ∆ of 200-300ms. The gradient
strength G is varied between 2 and 95% of the maximal strength
of 56.3G/cm.
With DOSY, one can measure diffusion-weighted 1H spectra,
selectively filtering out fast diffusing species with a magnetic field
gradient. The signal attenuation is given by the Stejskal-Tanner
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Figure 4.2: (a) 1H NMR spectra of TOP (top) and TOPO
(bottom) in tol-d8, offset for clarity. Both spectra are highly
similar. (b) 1H NMR spectrum of a Q-InP suspension in tol-
d8. Apart from the methyl resonance of tol-d8 at 2.09 ppm and
the resonances at 1.28 and 0.92 ppm of TOP and/or TOPO
(diamonds), we observe two broad resonances at 1.05 ppm and
1.5 ppm. The latter one shows a tail extending to ca. 3.5 ppm.
equation:
I = I0e(−(γs1Gδ)
2D(∆−s2δ−τ/2)) (4.3)
Here, s1 and s2 are shape factors (correcting for the sinusoidal
shape of the gradient pulse), γ is the proton gyromagnetic ratio, τ
is the time interval separating the bipolar gradient pulses, and D
is the diffusion coefficient. D can be converted to a hydrodynamic
diameter dH using the Stokes-Einstein equation:
dH =
kBT
3piηD
(4.4)
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4.2.2 Diffusion NMR
Q-InP NMR samples are prepared by drying a nanocrystal suspen-
sion of known concentration, followed by resuspension in 750 µL
of deuterated toluene (tol-d8). As Q-InP are synthesized in a co-
ordinating mixture of TOP and TOPO, these molecules are the
likely candidates to serve as capping agents. Figure 4.2(a) shows
the 1H NMR spectra of TOP and TOPO, dissolved in tol-d8, with
the resonances assigned to their respective protons. The spectrum
of a typical Q-InP suspension is shown in figure 4.2(b). The sharp
resonances at 1.28 and 0.92 ppm can be attributed to TOP and/or
TOPO. As they are undistinguishable in the 1H NMR spectra of
Q-InP, from here on we will refer to these resonances as TOPO
resonances, keeping in mind that in fact it might also be TOP.
At 2.09 ppm, the methyl resonance of residual protons in tol-d8
appears (tol-d8 is 99.96% deuterated). Apart from the sharp sig-
nals, two broad resonances at 1.05 and 1.5 ppm can be observed,
the latter one having a tail which extends to ca. 3.5 ppm.
Diffusion-weighted spectra of a Q-InP suspension are shown in
figure 4.3(a). A sample with a slightly higher excess of free TOPO
is chosen to demonstrate the effect of the gradient strength. The
sharp TOPO resonances quickly vanish, being undetectable from
a gradient strength of 43% on. The broad resonances however
are still clearly observable up to G=71%. These measurements
already indicate that the broad resonances arise from a species
with a small diffusion coefficient, i.e. the nanocrystal ligands.
An unambiguous confirmation that the broad resonances are
attributable to the nanocrystal ligands follows from a calcula-
tion of the diffusion coefficient D using the Stejskal-Tanner equa-
tion. When it is calculated for each resonance and plotted as a
function of the chemical shift, the result is called a DOSY spec-
trum. Figure 4.3(b) shows a typical DOSY spectrum for Q-InP
in toluene, measured using δ=6ms and ∆=300ms. The diffu-
sion coefficients for all species are determined by fitting the sig-
nal decay to the Stejskal-Tanner equation (figure 4.3(c)). Three
different diffusion regimes can be discerned. Tol-d8 shows a diffu-
sion coefficient of 2.25 10−9m2/s and for the TOPO resonances
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Figure 4.3: (a) Series of diffusion filtered spectra for a Q-InP
suspension. The sharp resonances quickly vanish, while the
broad ones remain observable up to G=71%. (b) DOSY spec-
trum of a Q-InP suspension. Three diffusion regimes can be
discerned (dotted lines), attributable to tol-d8 (1), free TOPO
(2) and the Q-InP ligands (3). (c) Signal decay at 1.4 ppm
(dashed line in (b)), with a bi-expontial fit to the data. (d)
In the diffusion filtered spectrum (G=71%), the resonances
around 2.5–3.5 ppm are not observed.
we find D=8.37 10−10m2/s, equal to the result of a measure-
ment of pure TOPO in tol-d8. The broad resonances finally yield
D=1.39 10−10m2/s.
Careful inspection of the DOSY spectrum shows that the reso-
nances around 2.5–3.5 ppm are not observed (figure 4.3(d)). This
is not only due to the smaller 1H signal strength. Spin-spin, or T2
relaxation and spin-lattice, or T1 relaxation in fact both limit the
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Shift (ppm) T1 (s) T2,f (ms) T2,s (ms) T2,TOPO (ms)
3.00 0.9 8 (a) (b)
2.75 0.9 14 (a) (b)
2.50 0.9 6 38 (b)
2.25 0.8 9 83 (b)
2.00 0.8 8 46 (b)
1.75 0.8 12 58 (b)
1.65 0.8 12 66 (b)
1.51 0.9 8 81 421
1.40 0.9 30 141 557
1.28 1.5 (a) 130 675
1.05 1.5 60 256 (b)
0.92 2.6 (a) 203 1048
Table 4.1: T1 and T2 relaxation times measured at various
chemical shifts. We observe no difference in T1 for free TOPO
and Q-InP ligands. Therefore, only a single value is listed.
The ligand T2 relaxation shows a fast (T2,f ) and slow (T2,s)
component, and all values are substantially smaller than the
T2 of free TOPO (T2,TOPO). (a): For some chemical shifts, we
detect only one component. (b): No values are listed due to
the absence of a free TOPO resonance.
conditions for a DOSY measurement to ∆  T1 and δ  T2. T1
is measured using the inversion-recovery pulse sequence, T2 using
the cpmg pulse sequence;25 the resulting T1 and T2 are shown in
table 4.1. We find no difference between the T1 of free TOPO and
the broad ligand resonances. Consequently, only a single value is
listed. T2 however is significantly reduced for the ligands. We ob-
serve two components (T2,f and T2,s), the faster one clearly violat-
ing the limits for the DOSY measurement. Between 2.5–3.5 ppm,
the slower one neither satisfies the limits. Consequently, we do
not observe these resonances in the DOSY spectrum.
When calculating the corresponding hydrodynamic diameter
dH from the ligand diffusion coefficient, we obtain dH =5.15 nm.
This value agrees well with the size of the Q-InP core (3.35 nm),
incremented with the expected thickness of a TOPO ligand shell
(ca. 1 nm). DOSY measurements on differently sized Q-InP also
show a clear correlation between dH and the Q-InP core size (figure
4.4).
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Figure 4.4: The Q-InP hydrodynamic diameter dH is clearly
correlated with the Q-InP core size.
These results have two important implications. First, the slow
diffusion coefficient and excellent correlation between the hydro-
dynamic diameter and nanocrystal core size show unambiguously
that the broad resonances arise from the nanocrystal ligands. Sec-
ond, these ligands are tightly bound to the nanocrystal surface, in
a sense that they do not exchange between a bound and an un-
bound state on the time scale of the DOSY measurement (equal
to ∆=300ms). This behavior would reveal itself by a larger diffu-
sion coefficient, corresponding to the weighted sum of the diffusion
coefficient of the free state and the bound state, respectively.
The 1H and DOSY spectra do not however reveal any infor-
mation on which molecules serve as Q-InP ligands.
4.2.3 Ligand identification
The ligands are finally identified by measuring the HSQC spec-
trum of a Q-InP suspension. Figure 4.5 shows that the broad
resonances arise indeed from TOPO ligands. The 13C chemical
shift of the 1.05 ppm 1H resonance at 13.5 ppm corresponds with
the chemical shift of the TOP/TOPO methyl group, while the
1.4 ppm resonance splits into three HSQC peaks, attributable to
multiple methylene groups. The CH2 groups of TOP/TOPO clos-
est to the phosphorous atom, at 1.51 and 1.4 ppm, have no broad
analogue in the Q-InP HSQC, again due to their fast relaxation.
However, as these resonances correspond to protons close to the
nanocrystal surface, their fast T2 relaxation can now be explained.
The T2 of a resonance is determined by the rotational mobility of
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Figure 4.5: HSQC spectrum of a Q-InP suspension contain-
ing a slight excess of TOP (closed circles) and TOPO (open cir-
cles). The correlation between the broad and sharp resonances
shows that the Q-InP capping consists of TOPO ligands.
the corresponding proton. Protons closer to the nanocrystal sur-
face have a smaller T2, indicating that their mobility is restricted,
due to an increased rigidity of a close-packed capping layer near
the surface.
Unfortunately, as these are the only protons that enable a dis-
tinction between TOP and TOPO, the exact composition of the
ligand shell cannot be determined in this case.
4.2.4 Disorder in the capping layer
As discussed above, it is clear that the TOPO ligands yield broad
resonances. The line width of the methyl resonance for instance
equals F =0.136 ppm=68Hz. From F , we expect T2=4.7ms
(equation 4, p.55). However, this value is more than ten times
smaller than even the fast component T2,f = 60ms (table 4.1).
This apparent contradiction is resolved by weak selective ir-
radiation of the methyl resonance at exactly 1.05 ppm. This in-
duces, rather than a continuous reduction of the entire resonance,
a hole in the spectrum centered at 1.05 ppm (figure 4.6). The spec-
tral hole burning demonstrates that the ligand resonances are het-
erogeneously broadened, explaining the discrepancy between the
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Figure 4.6: The gray curve represent the 1H spectrum of a
Q-InP suspension. By weak selective irradiation of the methyl
resonance at 1.05 ppm, a hole is burnt in the spectrum (black
curve).
measured T2 and the value obtained from F . The hole burning
also indicates structural heterogeneity in the TOPO capping layer.
As TOPO contains three alkyl chains bonded to the phosphorous
atom, interpenetrating alkyl chains in a close-packed ligand shell
might lead to disorder in the capping layer. Furthermore, it has
been shown by 31P solid-state NMR spectroscopy that distinct
surface sites are available for the adsorption of TOPO ligands at
the Q-InP surface.31 Both effects might produce a heterogeneous
broadening of the TOPO ligand resonances.
4.3 Quantification of the Q-InP ligands
4.3.1 TOPO ligand density
1H NMR is also well suited to quantitatively measure concentra-
tions of organic molecules in a suspension. This was already de-
monstrated in section 2.2.1, where the conditions that need to
be fulfilled for quantitative measurements are described as well.
Briefly, for the measurements on Q-InP, 5 µL of CH2Br2 is added
to the suspension as a concentration standard (cBr=99mM). We
use an interscan delay of 60 s to ensure full T1 relaxation of all
resonances.
Figure 4.7(a) shows a typical quantitative 1H NMR spectrum
of a Q-InP suspension. Knowing that the 1.05 ppm resonance
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Figure 4.7: (a) A quantitative 1H NMR spectrum allows for
the calculation of the ligand concentration from the ratio of the
area under the broad methyl resonance at 1.05 ppm (diamond)
and the area under the CH2Br2 resonance at 3.93 ppm (trian-
gle). (b) For the calculation of the concentration of free and
bound TOPO, the experimental spectrum (black curve) is fit-
ted to a sum of two Gaussian peaks for the broad resonance and
three Lorentzian peaks for the sharp resonances (gray curves:
fit and individual contributions of free and bound TOPO, offset
for clarity).
corresponds to the methyl protons of the TOPO ligands, the ratio
of the area under this resonance Ameth and the area under the
CH2Br2 resonance at 3.93 ppm ABr yields a ligand concentration
cb of 5.2mM:
cb =
Ameth
ABr
2
9
cBr (4.5)
The factor 2/9 stems from the number of protons contributing to
the respective resonances (9 for TOPO, 2 for CH2Br2). From the
Q-InP size of 3.8 nm and concentration of 55 µM, we then calcu-
late a ligand density of 2.1 ligands per square nm of nanocrystal
surface. Considering that the number of surface atoms at the
InP surface equals 12 nm−2 for the [100] plane, and 10 nm−2 for
the [1 1 1] and [1 1 1] planes, we estimate a surface coverage of 19%.
Previous work, based on ex situ solid-state 31P NMR spectroscopy
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on a vacuum-dried Q-InP powder, reported a comparable surface
coverage of about 20%.31
4.3.2 Adsorption/desorption equilibrium
The small amount of unbound TOPO still present in the NMR
sample suggests that the ligands partake in an adsorption/desorp-
tion equilibrium between free and bound species. This is further
investigated using quantitative NMR, by preparing a series of di-
lutions of the Q-InP suspension. Samples are prepared 24 hours
prior to measurements. The concentrations of free (cf ) and bound
(cb) TOPO are calculated from the area under their respective
methyl resonances (figure 4.7(b)). For the two most dilute sam-
ples, the free TOPO resonance could not be integrated reliably;
these data points are shown in figures 4.8(a) and 4.8(b), but are
omitted from the analysis.
The concentrations cf and cb, and the dilution ∆ are not in-
dependent (note: ∆=0.1 means a ten times diluted sample). For
each measurement i, an experimental dilution ∆i can be defined
by
∆i =
cf,i + cb,i
cf,0 + cb,0
(4.6)
As experimental errors lead to deviations between ∆i and the cal-
culated dilution ∆i, the data have to be made self-consistent prior
to fitting. Since the samples are diluted with high accuracy, we
choose to correct the concentrations obtained from the NMR mea-
surements. For each sample, a reference dilution ∆i,fit is obtained
by fitting a line with unity slope to a plot of ∆i versus ∆i. A
self-consistent data set is then obtained by multiplying the con-
centrations cf,i and cb,i by the ratio ∆i,fit/∆i. In figure 4.8, the
self-consistent data are shown. Typical corrections are 5% or less,
except for the two measurements at highest dilution.
Since free TOPO and the nanocrystals are diluted together,
one would expect a proportional decrease of both concentrations
in absence of an equilibrium between free and bound TOPO. In
practice, we see that this is only true for the highest concentrations
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Figure 4.8: (a) When diluting a Q-InP suspension, we ob-
serve a relative increase of free TOPO, indicating an adsorp-
tion/desorption equilibrium between free and bound TOPO.
(b) The resulting isotherm representation plots the concentra-
tion of TOPO ligands cb, normalized to the dilution ∆, as a
function of the concentration of free TOPO cf . The Fowler
isotherm (full curve), which includes adsorbate–adsorbate in-
teractions, represents the data better than the Langmuir
isotherm (dashed curve).
(figure 4.8(a)). At lower concentrations, we observe a relative
increase in cf when the suspension is diluted. As the additional
free TOPO must be released from the nanocrystals, this suggests
the presence of an adsorption/desorption equilibrium of TOPO at
the InP surface.
4.4 Fowler isotherm
Adsorption on solid surfaces is typically described by an adsorp-
tion isotherm, giving, for example, the fractional surface coverage
θ as a function of the concentration of the adsorbate. In our case,
θ equals the ratio between the concentration of adsorbed TOPO
and the concentration of available adsorption sites. Calling A the
number of adsorption sites for each nanocrystal and cInP the con-
centration of the nanocrystals we obtain:
θ =
cb
AcInP
=
1
Ac0
cb
∆
(4.7)
c0 denotes the initial Q-InP concentration. From this equation, it
is apparent that a plot of cb/∆ as a function of cf yields the ad-
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sorption isotherm, except a scaling factor. Figure 4.8(b) shows this
isotherm representation. It clearly demonstrates that the surface
coverage of the nanocrystals drops when the concentration of free
TOPO is reduced, confirming the idea of an adsorption/desorption
equilibrium.
Having the experimental adsorption isotherm, the possibility
exists of obtaining more insight into the adsorption/desorption
process from a thermodynamic and molecular point of view, by
comparing it with model isotherms based on a particular view
on the adsorption reaction and the structure of the adsorbed
layer. The most simple representation of adsorption/desorption
of TOPO at the InP surface is that of a free TOPO molecule
attaching to a free adsorption site (InP•) to yield an adsorbed
TOPO ligand:
TOPO+ InP• 
 TOPO− InP (4.8)
Denoting the activity of the adsorbed molecules as ab and that of
the free adsorption sites a•, thermodynamic equilibrium will be
reached when:
K =
ab
cfa•
(4.9)
Here, K denotes the equilibrium constant of the adsorption reac-
tion. When the activities ab and a• are identified with the respec-
tive fractional surface coverages θ and 1-θ, Equation 4.9 reduces
to the well-known Langmuir isotherm:
θ =
Kcf
1 +Kcf
(4.10)
In figure 4.8(b), the best fit of our data to a Langmuir isotherm
is represented (dashed curve), omitting, as discussed above, the
two measurements with the lowest free TOPO concentration. Ta-
ble 4.2 summarizes the fitted Langmuir isotherm parameters. Al-
though the general trend of the experimental isotherm is repro-
duced by the Langmuir model, significant deviations exist. Com-
pared to Langmuir adsorption, the plateau of full coverage per-
sists longer with decreasing cf and once desorption starts, the
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Isotherm K ∆G◦ zgTT Ac0 χ
(x 105) (kJ.mol−1) (kJ.mol−1) (mM)
Langmuir 1.1± 0.2 -28.5± 0.5 6.35± 0.1 0.103
Fowler 3.3± 0.4 -31.1± 0.3 -18.5± 2.5 6.14± 0.03 0.006
Table 4.2: Parameter estimation obtained by fitting the ex-
perimental isotherm to Langmuir and Fowler isotherms. Equi-
librium constants are calculated relative to a standard state of
1mol/L for free TOPO. The mean square deviation between
the data and the fit is represented by χ.
fractional surface coverage drops faster. The way the experimen-
tal isotherm deviates from the Langmuir isotherm suggests that
adsorbate-adsorbate interactions cannot be neglected, as is the
case with Langmuir adsorption. If adsorbate-adsorbate interac-
tions are favorable, desorption from a fully covered nanocrystal
is more difficult, and the full coverage plateau will persist longer
than with simple Langmuir adsorption. However, once desorption
starts, the loss of these interactions in a sparser ligand shell will en-
hance desorption relative to Langmuir adsorption, thus predicting
a steeper drop in fractional surface coverage. Adsorbate-adsorbate
interactions are taken into account in the Fowler isotherm:32,33
θ =
Kcf
exp( zgTTRT (θ − 1)) +Kcf
(4.11)
where gTT is the free energy of adsorbate-adsorbate interactions
and z is the average number of nearest-neighbor adsorption sites
of an adsorbed molecule (typical range: 4 to 6). A fit of our data
to a Fowler isotherm, again omitting the two data points at lowest
cf , clearly shows that the fit is improved by the inclusion of gTT
(figure 4.8(b), full curve). Table 4.2 confirms this, as the mean
square deviation χ of the fit is indeed 17 times smaller.
The result yields a set of interesting structural and thermody-
namic data on the TOPO capping of colloidal InP Qdots. First, in
accordance with the quantitative NMR measurement presented in
section 4.3.1, the estimated value of Ac0 yields a TOPO ligand sur-
face coverage of 2.4 nm−2 (22%). Second, we estimate the free en-
ergy of the adsorbate-adsorbate interactions as -18.5/z kJ.mol−1.
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Figure 4.9: Schematic representation of an InP nanocrystal
with TOPO ligands. The ligand–surface interactions amount
to -22 kJ.mol−1, while ligand–ligand interactions (equal to
-18.5/z kJ.mol−1) further stabilize the capping layer.
The negative sign indicates that the adsorbate-adsorbate interac-
tion is attractive, amounting to (z/2).(-18.5/z)= -9.25 kJ.mol−1
at full coverage. And finally, the standard reaction free energy
of adsorption (∆G◦) is estimated as -31.1 kJ.mol−1. This value
can be decomposed into a contribution of the adsorbate-adsorbate
interactions (-9.25 kJ.mol−1) and a contribution of the adsorbate-
substrate interactions (-22 kJ.mol−1). This value is the free energy
difference between an adsorbed TOPO molecule on the one hand
and a free TOPO molecule in its standard state (1M) with an
empty adsorption site on the other hand. Again, the negative
sign indicates that adsorption is favorable. The obtained free en-
ergy differences should be considered semiquantitative, as we have
no means of separating TOPO from TOP. Nevertheless, the re-
sults demonstrate that the formation of the capping on the InP
quantum dots is driven by favorable adsorbate-substrate interac-
tions, and is strengthened by lateral (van der Waals) interactions
between the adsorbed molecules (see figure 4.9). In this way, the
TOPO capping of a colloidal InP quantum dot is structurally quite
similar to a self-assembled monolayer.34
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4.5 Conclusions
InP nanocrystals are synthesized using the hot injection method
and after size-selective precipitation, the elemental properties are
determined using methods described in chapters II and III.
The nanocrystal ligands are thoroughly studied with nuclear
magnetic resonance spectroscopy. First, the ligands are distin-
guished from free molecules by DOSY. The hydrodynamic diam-
eter, calculated from the diffusion coefficient of the broad NMR
resonances, is clearly related to the Q-InP core size, from which
we can conclude that they pertain to tightly bound nanocrystal
ligands. The ligands are then identified using HSQC, demonstrat-
ing that Q-InP are capped with TOPO.
Using quantitative NMR, the ligand density is calculated
and related to the number of surface atoms, leading to a sur-
face coverage of ca. 20%. In addition, performing quantitative
NMR on a series of diluted Q-InP suspensions, we observe an
adsorption/desorption equilibrium. We fit a Fowler isotherm
to the experimental data, yielding an adsorption energy of
-31.1 kJ.mol−1. In addition, ligand–ligand van der Waals in-
teractions, amounting to -9.25 kJ.mol−1, further strengthen the
ligand shell.
The thermodynamic view on the capping is of interest in dif-
ferent ways. Knowledge of the free energy of adsorption is of
importance for the design of new synthesis schemes, yet here is no
generally accepted method to determine it.1 In addition, charac-
terizing the ligand structure with one or two macroscopic quan-
tities could make it possible to study structural changes in the
capping. Such changes have been proposed as the origin of lu-
minescence antiquenching,35 but have not been directly demon-
strated so far. In a more general context, we provide an example
of the observation and the analysis of an adsorption/desorption
phenomenon at suspended solid nanoparticles in situ and directly
with 1H NMR spectroscopy. This approach can be of use to other
fields where adsorption of molecules at solid particles is an issue,
a typical example being catalysis by soluble nanoparticles.36–38
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Chapter V
Surface chemistry of PbSe
nanocrystals
5.1 Ligand identification: only OA ligands
5.1.1 1H NMR spectra
In this chapter, we will use the NMR techniques developed in chap-
ter IV to unravel the composition of the Q-PbSe capping layer. In
addition, we will couple the results to the ICP-MS measurements
on Q-PbSe, which will allow us to build a complete structural
model of the nanocrystals. NMR samples are again prepared by
drying a known amount of Q-PbSe under a strong nitrogen flow,
followed by resuspension in 750 µL of tol-d8.
The Murray synthesis is based on the formation of PbSe nano-
crystals from TOPSe and PbOA2, in presence of an excess of TOP
and OA. This yields TOP and OA as the most likely ligands. Their
1H NMR spectrum in tol-d8 is shown in figure 5.1(a). The methyl
and methylene resonances of TOP all show up in the aliphatic re-
gion of the 1H spectrum (1-2 ppm), and there is a strong overlap
with the methyl and methylene resonances of OA. Still, OA can be
distinguished from TOP by the resonances at 5.46 and 12.03 ppm,
corresponding to the alkene protons and the carboxylic proton,
respectively.
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Figure 5.1: (a) 1H NMR spectra of OA (top) and TOP (bot-
tom) dissolved in tol-d8. The methyl and methylene resonances
of both molecules partly overlap in the aliphatic region. OA
can be distinguished from TOP by its 5.46 ppm resonance cor-
responding to the alkene protons. At 12.03 ppm, the carboxylic
proton resonance of OA can be observed. (b) 1H NMR spec-
trum of a Q-PbSe suspension. We observe several broad reso-
nances, with a chemical shift comparable to the chemical shift
of OA. The sharp resonances can be attributed to tol-d8 (1),
DPE (2), CH2Br2 (3), and TOPSe (4).
A typical 1H NMR spectrum of Q-PbSe, suspended in tol-d8, is
shown in figure 5.1(b). We observe several broad resonances, with
chemical shifts comparable to those of OA. Apart from these broad
resonances, four other molecules displaying sharp resonances are
identified in the Q-PbSe suspension: tol-d8 (1); some residual DPE
(2); CH2Br2 (3), added as a concentration standard; and TOPSe
(4). Their chemical shift values are listed in table 5.1. As we
could not distinguish TOP from TOPSe in the 1H NMR spectrum,
the attribution of these signals (4) is based on 31P NMR (section
2.2.1).
78
5.1. Ligand identification: only OA ligands
7 6 5 4 3 2 1
1
H shift (ppm)
4
10
-10
2
4
10
-9
2
4
D
 
(
m
2
/
s
)
11
10
9
8
7
d
H
 
(
n
m
)
7.06.05.04.0
Size (nm)
(b)
(a)
Figure 5.2: (a) DOSY spectrum of a Q-PbSe suspension.
The species associated with the broad resonances diffuses with
a diffusion coefficient of 6.96 10−11 m2/s. (b) Plot of the hydro-
dynamic diameter dH of Q-PbSe nanocrystals in tol-d8 versus
nanocrystal core size.
5.1.2 Diffusion NMR
The attribution of the broad resonances to surface-bound ligands is
again firmly established using DOSY. When measuring the signal
attenuation as a function of G at fixed δ=5ms and ∆=200ms,
the diffusion coefficient of all resonances observed in the 1H NMR
spectrum of the Q-PbSe suspension is obtained from the Stejskal-
Shift (ppm) D (10−10 m2/s)
tol-d8 6.9-7.1, 2.09 21.3
DPE 6.8-7.0 15.2
CH2Br2 3.98 26.1
TOPSe 0.9-1.4 7.95
broad 5.67, 1.0-2.6 0.696
Table 5.1: Chemical shifts and diffusion coefficients D for
tol-d8, DPE, CH2Br2, TOPSe, and the broad resonances.
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Shift (ppm) T1 (s) T2 (ms)
5.67 1.00 44.8
2.68 0.68 –
2.33 0.68 45.0
2.05 0.69 25.0
1.75 0.66 26.9
1.45 1.04 183
1.07 1.86 337
Table 5.2: T1 and T2 relaxation times of the broad resonances
in the 1H NMR spectrum of a Q-PbSe suspension. The T2
relaxation time of the 2.68 ppm resonance is too short to be
measured.
Tanner equation. For a typical Q-PbSe suspension, five markedly
different diffusion coefficients can be distinguished (figure 5.2(a),
table 5.1). Tol-d8, DPE, CH2Br2, and TOPSe all have relatively
fast diffusion coefficients. In contrast, the broad resonances show
up with a diffusion coefficient of only 6.96 10−11m2/s. One can
also see that the broad resonances around 2.68, 2.05, and 1.75 ppm
do not show up in the DOSY spectrum, due to their short T2 relax-
ation times (table 5.2). The slow diffusion coefficient corresponds
to a hydrodynamic diameter dH =10.5 nm, which agrees well with
the size of the Q-PbSe core (7.2 nm), incremented with the typical
thickness of an organic capping layer (1-2 nm). When performing
DOSY measurements for differently sized PbSe nanocrystals, we
find a clear correlation between the hydrodynamic diameter and
the size of the Q-PbSe core (figure 5.2(b)). As in the case of TOPO
capped InP nanocrystals, the DOSY measurements again clearly
demonstrate that the broad resonances arise from tightly bound
nanocrystal ligands.
5.1.3 Ligand identification
As already mentioned, the 1H NMR spectrum of a Q-PbSe suspen-
sion suggests that the broad resonances can be associated with OA
ligands. Further proof follows from a comparison of the 1H-13C
HSQC spectra of both OA and a Q-PbSe suspension (figure 5.3).
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Figure 5.3: HSQC spectra of OA (black) and a Q-PbSe sus-
pension (gray). Both spectra are well correlated, confirming
that the broad resonances correspond to OA ligands. The 2.68
and 2.05 ppm resonances can no longer be observed, again due
to their fast relaxation.
One sees that the Q-PbSe HSQC cross-peaks indeed agree well
with those of OA. The 13C chemical shift of all resonances is com-
parable for both spectra, while the 1H chemical shift is slightly
shifted to lower ppm values in the case of OA. These measure-
ments confirm that the broad resonances can be attributed to OA
ligands.
Similar to the DOSY measurements, the 2.68 and 2.05 ppm
resonances, pertaining to the two CH2 groups closest to the na-
nocrystal surface, are unobservable in the HSQC spectrum due to
their fast relaxation (table 5.2). Unfortunately, this hampers the
identification of other potential ligands. As the methyl and methy-
lene resonances of bound OA may overlap with bound TOP, the
presence of TOP ligands cannot be excluded or confirmed from
the HSQC spectrum alone. We resolve this problem by measuring
a 1H NMR spectrum under quantitative conditions. While the
5.46 ppm resonance (with area Aal) can solely be attributed to the
alkene protons of the OA ligands, the resonance at 1.06 ppm (with
area Ameth) corresponds to the methyl protons of OA and, possi-
bly, TOP. Consequently, the ratio of the respective areas gives the
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Figure 5.4: (a) The TOP:OA ligand ratio does not exceed
0.05 for all samples studied. (b) Normalized absorbance spec-
tra of syntheses performed with an OAe:Pb ratio of 0.65 (full
line), 1.5 (dashed line), and 2.4:1 (dotted line). Decreasing the
OAe:Pb ratio leads to larger nanocrystals.
TOP:OA ligand ratio:
TOP : OA =
2Ameth/Aal − 3
9
(5.1)
Figure 5.4(a) shows the TOP:OA ratio for differently sized Q-
PbSe. As it does not exceed 0.05, we can conclude that the capping
of colloidal PbSe nanocrystals, produced by the Murray synthesis,
consists almost exclusively of OA ligands.
5.1.4 Influence of OA on the Q-PbSe synthesis
Knowing that OA acts as the principle ligand, we hypothesize
that it may be essential in terminating the nanocrystal growth
during synthesis. We verify this by growing Q-PbSe using dif-
ferent amounts of excess oleic acid (OAe) (with respect to the
Pb precursor). With a 4 min reaction time, and OAe:Pb ratios
of 0.65, 1.5, and 2.4:1, we observe a strong red shift of the Q-
PbSe band gap transition with decreasing OAe:Pb ratio (figure
5.4(b)). This result shows that the particle size is very sensitive
to the OAe:Pb ratio. At high ratios, fast termination of the growth
keeps the particles small, whereas relatively slow termination leads
to large particles at low OAe:Pb ratios. Figure 5.4(b) shows that
by decreasing the OAe:Pb ratio to 0.65:1, 9.5 nm Q-PbSe can be
synthesized. Consequently, this approach allows for the one-step
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synthesis of large (>10 nm) Q-PbSe, avoiding the need to add
extra precursors during synthesis (section 2.3.2).
5.2 Ligand Quantification
5.2.1 Ligand density
When adding 2 µL of CH2Br2 to a Q-PbSe suspension as a con-
centration standard (CBr=38mM), the number of OA ligands in
the suspension can be quantified. From the ratio of the area under
the CH2Br2 resonance at 3.98 ppm and the area under the alkene
resonance at 5.46 ppm, the OA ligand concentration in five NMR
samples is determined. Knowing the Q-PbSe concentration, the
number of OA ligands per nanocrystal is calculated. After divid-
ing this by the nanocrystal surface area, we find a size-independent
grafting density of 4.2± 0.6 OA ligands per square nanometer of
Q-PbSe surface.
5.2.2 Q-PbSe surface composition
In section 2.2, we reported that PbSe nanocrystals are non-
stoichiometric. Determination of the Pb:Se ratio of the nanocrys-
tals with ICP-MS yielded a Pb excess for all samples studied. In
this section we take a closer look at these experimental results.
A plot of the Pb:Se ratio as a function of Q-PbSe size d shows
that it scales with the inverse of d (figure 5.5(a), triangles). This
points toward a Pb surface excess. To explain the trend, we build
a structural model of our Q-PbSe (figure 5.5(b)). Starting from a
central Pb or Se atom, we add subsequent shells of atoms until a
desired size is reached. This yields faceted spherical particles, in
accordance with the experimental TEM observations (left model).
The Pb:Se ratio however is scattered around one for this model,
as expected (figure 5.5(a), dots and dotted line). Next, a Pb ter-
minated surface is created by adding Pb atoms to each surface Se,
until all Se have six Pb neighbors, just as in the bulk (right model).
The Pb excess Pbe is then defined as the difference between the
number of Pb atoms and Se atoms per nanocrystal. For these
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Figure 5.5: (a) The experimental Pb:Se ratio (triangles) is
well represented by a non-stoichiometric model of the nano-
crystals (black dots: Se centered model; gray dots: Pb cen-
tered). The calculated Pb:Se ratio is scattered around one be-
fore surface termination (dots and dotted line). (b) Schematic
representation of the Q-PbSe model (gray dots: Pb atoms, red
dots: Se atoms) before (left) and after (right) termination of
the surface Se atoms with excess Pb atoms (black dots). (c)
The experimental Pb excess Pbe (triangles) is well represented
by the model excess (dots). The values also match the number
of OA ligands per nanocrystal (diamonds).
Pb terminated nanocrystals, the Pb:Se stoichiometry accurately
describes the experimental results (figure 5.5(a)). We observe no
difference between models starting from a central Se (black dots)
and those starting from a central Pb atom (gray dots). From the
excellent agreement between calculated and experimental results,
we conclude that our particles are composed of a stoichiometric
PbSe core, terminated by a pure Pb surface shell.
The results of the quantitative NMR measurements complete
our picture of the composition and stoichiometry of the Q-PbSe
surface. First, the minor fraction of TOP ligands is consistent
with the absence of Se at the Q-PbSe surface. This is in line with
the results of Jasieniak and Mulvaney.39 These authors reported
that the luminescence of CdSe nanocrystals with a Cd-rich surface
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is not affected by the addition of TOP, from which they concluded
that TOP does not bind to surface Cd atoms (which are the only
atoms present on the surface). Second, figure 5.5(c) shows an
almost exact match between the number of OA ligands per na-
nocrystal (diamonds), determined by NMR, and Pbe, determined
by ICP-MS (triangles) and by the nanocrystal model (dots). On
average, we find an OA:Pbe ratio of 0.97± 0.06.
This result is quite surprising. It shows that we should not
conceive a PbSe nanocrystal as composed of Pb2+, Se2−, and two
OA− ligands per excess lead atom to ensure charge neutrality.
Rather, we should see them as made of Pb, Se, and one OA ligand
per excess lead atom. This non-stoichiometric Q-PbSe model has
interesting consequences. For instance, recent experimental results
have shown that Q-PbSe form linear aggregates in suspension40
and that PbSe nanowires can be grown through oriented attach-
ment of PbSe nanocrystals.41 Both results are explained through
the existence of a permanent dipole moment. However, as our
model is centro-symmetric, the origin of the permanent dipole
moment in Q-PbSe is far from obvious, and further research will
be needed to bring both results together. From a theoretical point
of view, the optical properties of colloidal nanocrystals have al-
ways been calculated with quasi-stoichiometric models, using ap-
propriate ligand potentials or pseudo-hydrogen atoms to passivate
surface states.42,43 We now present a more realistic Q-PbSe model
for both the nanocrystal core and the ligand shell, which could
improve the comparison between theoretical calculations and ex-
perimental results.
These calculations could also reveal why Q-PbSe are highly
luminescent,3 in spite of the excess of Pb atoms at the surface.
Indeed, inspired by our results, Francescetti recently calculated
the optical properties of unpassivated non-stoichiometric Q-PbSe,
showing that they possess a large density of surface states in the
band gap, in contrast with unpassivated stoichiometric particles.44
As these states will quench the band edge luminescence, more
theoretical work on the surface passivation is clearly needed to
explain experimental results.
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5.3 Oxidation of a Q-PbSe suspension
In section 2.4.3 we have already shown that the Q-PbSe optical
properties are highly sensitive to oxidation. This is also confirmed
by Stouwdam et al.45 To understand the mechanism behind the
oxidation process, we use NMR to monitor the evolution of a Q-
PbSe suspension, stored under ambient conditions. The suspen-
sion is prepared under nitrogen, loaded in an NMR tube with a
tightly closed screw cap and stored under ambient conditions. At
different time intervals after sample preparation, 1H NMR and
DOSY spectra are measured (figure 5.6).
After 1 week, additional resonances start to appear, at a
slightly lower chemical shift than the ligand resonances. DOSY
shows that these resonances have a diffusion coefficient of
1.07 10−10m2/s, which is 35% larger than the Q-PbSe diffu-
sion coefficient (figure 5.6(b)). Over 1 month, these resonances
gradually increase in intensity (figure 5.6(a), top curve), and the
associated diffusion coefficient increases to 2.85 10−10m2/s (figure
5.6(b)). Since Q-PbSe suspensions prepared under ambient condi-
tions and loaded in an NMR tube with an ordinary cap show the
same evolution in a matter of days, we conclude that these trends
reflect the oxidation of the Q-PbSe sample, albeit at a slower pace
in the case of the screw cap due to the reduced inflow of oxygen.
In figure 5.6(a), we also show the 1H NMR spectrum of pure
PbOA2 (bottom curve). The major difference with the spectrum of
OA (figure 5.1(a)) is the chemical shift of the protons closest to the
carboxylic head groups, equaling 2.29 ppm instead of 2.05 ppm. In
the oxidized Q-PbSe spectrum, these protons show a resonance at
a chemical shift of 2.32 ppm, a value close to that of PbOA2. This
suggests that oxidation leads to the loss of ligands and Pb atoms
from the nanocrystal surface, which could explain the observed
size reduction of oxidized Q-PbSe (section 2.4.3). Quantitatively,
about 30% of the ligands are released from the nanocrystal surface
after 1 month.
Looking at the DOSY spectrum in more detail, we find that
the diffusion coefficient of the PbOA2 resonances in the oxidized
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Figure 5.6: (a) 1H NMR spectra of PbOA2 dissolved in tol-
d8 (bottom), a fresh Q-PbSe suspension (middle) and oxidized
Q-PbSe (top). After storage under ambient conditions for 1
month, a new set of resonances appears in the 1H NMR spec-
trum of the Q-PbSe suspension. The resonances can be at-
tributed to PbOA2. (b) DOSY spectra after 1 week and (c)
after 1 month. The diffusion coefficient of the new set of res-
onances gradually shifts to higher values (dashed line), while
the diffusion coefficient of the ligand resonances remains at
7.94 10−11m2/s (dotted line). This gradual shift suggests an
equilibrium between adsorbed and free PbOA2, fast on the
DOSY time scale. The diffusion coefficient of the alkene pro-
tons of the Q-PbSe ligands (diamond) is not included in (c) to
avoid a noisy representation of the data.
87
V. Q-PbSe surface chemistry
Q-PbSe suspension is smaller than that of a pure PbOA2 solution
in tol-d8 (5.00 10−10m2/s). Moreover, as the PbOA2 resonances
increase in intensity over time, their diffusion coefficient also in-
creases slowly. After 1 month, it reaches a value that is 1.8 times
smaller than the diffusion coefficient of pure PbOA2. These ob-
servations point toward a chemical equilibrium between adsorbed
and free PbOA2, with an exchange rate between both states that is
fast on the DOSY time scale ( 5 s−1). In this case, the measured
diffusion coefficient Deff equals the weighted sum of the diffusion
coefficient of adsorbed (Dads) and free (Dfr) PbOA2,
Deff = (1− x)Dads + xDfr (5.2)
where x is the fraction of time the exchanging ligand spends in its
free state, and Dads is the diffusion coefficient of the nanocrystals.
The increase in measured diffusion coefficient shows that the gen-
erated PbOA2 spends more time free in suspension as the surface
oxidation progresses, amounting to 46% of the time after 1 month.
5.4 Conclusions
The NMR techniques developed in chapter IV are successfully ap-
plied to identify and quantify the organic ligands of colloidal PbSe
nanocrystals. We demonstrate that they are passivated almost
exclusively by tightly bound oleic acid ligands. Although TOP is
also used during synthesis, we find only a minor fraction of TOP
on the nanocrystal surface. This knowledge enables us to tune
the nanocrystal size during synthesis by simply varying the OA
ligand concentration, leading for instance to 9.5 nm Q-PbSe when
reducing the amount of OA.
The Pb:Se ratio, obtained with ICP-MS, already showed that
the particles are Pb-rich. In this chapter, we construct a struc-
tural model of the nanoparticles, which quantitatively explains
the observed Pb:Se ratio. It shows that the nanocrystals consist
of a stoichiometric PbSe core, terminated by a pure Pb surface
shell. In addition, the number of excess Pb atoms on the sur-
face agrees well with the number of OA ligands. The quantitative
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NMR results, combined with the Pb:Se ratio from ICP-MS there-
fore allows us to obtain a complete view on the structure of the
Q-PbSe nanocrystal core and organic ligand shell.
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Chapter VI
Surface chemistry of PbS
nanocrystals
6.1 Introduction
Q-PbS are synthesized using an amine-based synthesis (chapter
III). In contrast with, for instance, carboxylic acids such as oleic
acid (chapter V), amines are known to be relatively weak and
highly dynamic ligands.4–7 Indeed, in section 3.1 we already high-
lighted that OLA capped Q-PbS can only be precipitated and
resuspended once (contrary to OA capped Q-PbS and Q-PbSe).
This indicates a facile loss of ligands during particle processing
and it can be remedied by adding a small amount of extra amines
to the nanocrystal suspension to improve stability.
As already stated in the introduction of this part, ligand dy-
namics are often studied indirectly, by tracking for instance the
particle luminescence during and after capping exchange. In this
respect, amine capped Q-CdSe have recently received much atten-
tion, and the experimental studies provide valuable information on
capping exchange procedures and ligand dynamics at room tem-
perature and elevated temperatures.4–7
However, knowledge on the subject can still be improved
greatly, by a more direct observation of the nanocrystal ligands.
In this chapter, we use OLA capped Q-PbS to highlight the
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capabilities of NMR in the study of ligands in fast exchange.
6.2 Fast ligand dynamics: theoretical basis
6.2.1 Fast dynamics in 1H NMR and DOSY
When a ligand exchanges between its free and bound state, its
chemical environment can change drastically. This is especially
true for the cases studied here: as we work in toluene, a free li-
gand experiences an aromatic environment, while it is surrounded
by other aliphatic molecules in the bound state. In the 1H spec-
tra of chapters IV and V, we already observed that this induces
a downfield shift (aromatic solvent induced shift, ASIS) of the li-
gand resonances for TOPO capped Q-InP and OA capped Q-PbSe.
With respect to DOSY measurements, ligand exchange between
free and bound states induces strong changes in the ligand dif-
fusion coefficient. Indeed, up to a tenfold decrease in diffusion
coefficient has been observed for the Q-PbSe and Q-InP ligands.
These cases however pertain to ligands showing slow, or even
no ligand dynamics, as we observe separate resonances and diffu-
sion coefficients for the free and bound states of TOPO capped
Q-InP, and no free OA is observed for OA capped Q-PbSe.
In case of ligand exchange, we can write the adsorption/desorp-
tion process as (L: free ligand; Qdot•: free surface site; L-Qdot:
bound ligand):
L + Qdot• 
 L−Qdot (6.1)
Denoting θ the fractional surface coverage and A the maximal
number of adsorption sites per nanocrystal (section 4.4), the ad-
sorption process is described by a second-order rate equation in
the free ligand concentration cf and the concentration of free ad-
sorption sites A(1 − θ)c0, with an adsorption rate constant kon.
Similarly, the desorption process is described by a first order rate
equation in the bound ligand concentration θAc0, with a desorp-
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tion rate constant koff :
ron = koncfA(1− θ)c0
roff = koffAθc0 (6.2)
ron and roff denote the adsorption and desorption rate, respec-
tively. The 1H NMR signal strength of the free ligand is pro-
portional to the concentration of free ligands cf . Similarly, for
the bound ligand it is proportional to the concentration of bound
ligands Aθc0. Taking the adsorption and desorption rates into ac-
count, the lifetime τ of the 1H NMR signal in the free (τf ) and
bound (τb) state, respectively, can be written as:
τ−1f = konA(1− θ)c0
τ−1b = koff (6.3)
However, for practical measurements, it is more convenient to
characterize the exchange process by a single lifetime τ−1ex = τ
−1
b +
τ−1f , with an exchange rate constant:
kex = koff + konA(1− θ)c0 (6.4)
Knowing that the equilibrium constant K is given by (section 4.4):
K =
kon
koff
=
θ
cf (1− θ) (6.5)
the exchange rate can be more conveniently written as:
kex = koff (1 +
Aθc0
cf
) = koff (1 +
xb
xf
) (6.6)
with xb and xf the mole fraction of the bound and free ligand, re-
spectively. Note that, when free ligands are present in considerable
excess (xf  xb), kex tends to koff .
In NMR, the presence of fast or slow exchange is now deter-
mined by the value kex, with respect to the inverse of the NMR
time scale of interest τm.46–48 Fast exchange implies kex  τ−1m ,
while slow exchange conditions apply when kex  τ−1m .
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In slow exchange, both the bound and free state will yield
separate NMR observables P (chemical shift, diffusion coefficient)
for free (Pf ) and bound (Pb) states, respectively. This has already
been demonstrated for Q-InP and Q-PbSe in chapters IV and V.
In fast exchange however, both signals merge and yield a single,
population averaged observable Pavg:47,48
Pavg = xfPf + xbPb (6.7)
This case has already been briefly discussed in section 5.3.
In a measurement of the 1H NMR spectrum, careful analysis
of the exchange process shows that τ−1m is given by the angular
frequency difference between the free ωf and bound ωb ligand res-
onances:47
τ−1m =
ωf − ωb
2
=
ωTMS
106
δf − δb
2
(6.8)
with δf and δb the chemical shift of the free and bound state,
respectively.
For DOSY, the timescale of interest equals the diffusion delay
∆:48
τ−1m = ∆
−1 (6.9)
6.2.2 The nuclear Overhauser effect
Under conditions of slow or no exchange, the NMR methods devel-
oped in chapters IV and V – quantitative 1H NMR, DOSY, HSQC
– are well suited to study the bound organic ligands, as their res-
onances are broad, well resolved from unbound signals, and have
a small diffusion coefficient. The previous section has shown that
even for ligands in fast exchange, information can be obtained from
Pavg, if one can estimate Pf and Pb. However, these nanocrystal
suspensions are typically stabilized by an excess of free ligands.
This will strongly shift Pavg toward Pf , yielding results which are
dominated by the free state. Although this makes ligand identi-
fication less trivial, we will show that nuclear Overhauser effect
(NOE) spectroscopy provides a solution.
The nuclear Overhauser effect (NOE) between 1H nuclei is
best known from its application in structural and conformational
94
6.2. Fast ligand dynamics: theoretical basis
analysis of (bio-)molecules.46,49 It arises from dipolar interac-
tions between protons, and its intensity is determined by the
internuclear 1H-1H distance according to an r−6 dependence. In
2D NOE spectroscopy (NOESY), the dipolar interactions induce
cross-relaxation, leading to cross-peaks between the interacting
protons (therefore the spectrum resembles a COSY spectrum,
except that here, the cross-peaks arise from through-space interac-
tions, instead of through-bond interactions). The signal strength
of the cross-peak is built up during the so-called mixing time of
the NOESY experiment.
The sign and cross-relaxation buildup rate σ of the NOE cross-
peaks depend on the rotational correlation time τc (equation 5,
p.56) of the molecule of interest. When τc is much smaller than
the inverse of the spectrometer angular frequency ω−10 (the so
called extreme narrowing limit) a molecule will develop positive
NOE’s at a slow rate (typically σ ≈ 0.1 s−1). On the other hand,
a molecule with a τc much larger than ω−10 (the so called spin-
diffusion limit) rapidly develops large negative NOE’s (typically
σ ≈ 10 s−1). Without going into further detail, the change in
sign, when going from small to large τc, is linked to the existence
of two opposing relaxation pathways, with different sensitivity to
the molecular rotational motion.46,50
For a 1H spectrometer frequency of 500MHz, ω−10 equals 0.3 ns.
With a viscosity of 0.556mPa/s for toluene at 298K, we calculate
τc=9ns for a dH =5nm particle. This decreases to τc=70ps for
a dH =1nm particle. Therefore, we can expect that free ligands
will slowly develop positive NOE’s, while a bound ligand should
rapidly develop negative NOE’s. From a practical view point, it is
important to realize that a positive (negative) NOE will lead to a
cross-peak with opposite (same) sign with respect to the diagonal
peaks in the 2D NOESY spectrum.
Just as for 1H NMR and DOSY, fast exchange will lead to
a population averaging in NOESY, in this case of the cross-
relaxation rate:
σavg = xfσf + xbσb (6.10)
As typically σb  σf , the sign of the cross-peaks (the NMR ob-
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Figure 6.1: NOESY spectra of OA (a) and Q-PbSe (b) in
tol-d8 (100ms mixing time). We observe no NOE cross-peaks
for free OA. The anti-resonances, enlarged in the inset, arise
from ZQC artifacts. In contrast, a NOESY spectrum of Q-
PbSe shows strong and negative NOE cross-peaks between the
OA ligand resonances, confirming that the increased τc yields
negative NOE’s.
servable in the NOE spectrum) will be dominated by the bound
ligand, even when free ligands are present in considerable excess.
To demonstrate that bound ligands show negative NOE cross-
peaks, figure 6.1 shows the NOESY spectra of free OA and a
Q-PbSe suspension. Due to short the mixing time (100ms) and
slow cross-relaxation rate, we observe no NOE cross-peaks for free
OA (figure 6.1(a)), as expected. Some residual anti-resonances
are still discernible, but these are zero-quantum coherence (ZQC)
artifacts. In contrast, the NOESY spectrum for the Q-PbSe sus-
pension clearly shows strong and negative NOE cross-peaks (fig-
ure 6.1(b)), confirming that bound ligands indeed induce negative
NOE’s due to their increased rotational correlation time τc.
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6.3 Q-PbS Ligand identification
6.3.1 1H NMR and DOSY
The NMR methods already developed are now routinely applied
to investigate the Q-PbS ligand shell. Samples are prepared by
drying a known amount of Q-PbS under a strong nitrogen flow,
followed by resuspension in 750 µL of tol-d8. 2 µL of CH2Br2 is
added as a concentration standard.
Figure 6.2(a) shows a typical NMR spectrum of a Q-PbS sam-
ple, prepared using OLA as the synthesis solvent (gray). The
spectrum compares well with a spectrum of OLA dissolved in tol-
d8 (black), and the 1H-13C spectrum confirms that the Q-PbS
resonances indeed arise from OLA (figure 6.2(b)).
However, in contrast with previous results on TOPO capped Q-
InP and OA capped Q-PbSe, the NMR resonances are not strongly
broadened with respect to the free OLA resonances and, while we
observe a downfield shift for the 2.53 ppm and 1.42 ppm resonance
(corresponding to the protons closest to the NH2 head group), the
other resonances do not reveal a significant shift. In addition, the
Q-PbS DOSY spectrum (measured with δ =3ms and ∆=125ms,
figure 6.2(c), black) shows a single value for the OLA diffusion
coefficient (D=8.9 10−10m2/s), only reduced by 20% with respect
to the diffusion coefficient of free OLA (D=11.1 10−10m2/s, gray).
6.3.2 Qdot NOE spectra
The 1H NMR and DOSY spectra do not unambiguously show that
OLA is bound to the nanocrystal surface, although the results
already suggest an interaction. To confirm that OLA indeed acts
as a ligand, NOESY spectra are measured.
Figure 6.3 shows NOESY spectra for free OLA and a Q-PbS
suspension. As for OA, we observe no NOE cross-peaks in the
OLA NOESY spectrum for a 100ms mixing time (figure 6.3(a)).
When the NOE mixing time is extended to 600ms, the ZQC ar-
tifacts have diminished and weak positive NOE’s appear (figure
6.3(b)). The NOESY spectrum of the Q-PbS suspension however
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Figure 6.2: (a) 1H NMR spectra of OLA (gray) and a Q-
PbS suspension (black) dissolved in tol-d8. (b) HSQC spectra
of OLA (gray) and a Q-PbS suspension (black). Except for
the resonances at 2.53 and 1.42 ppm (marked by boxes), corre-
sponding to the protons closest to the NH2 group, we observe
no significant downfield shift and only a small line broadening
for the OLA resonances in the Q-PbS suspension. (c) In ad-
dition, we observe a single diffusion coefficient in the DOSY
spectrum (black), 20% smaller than the value for free OLA
(gray).
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Figure 6.3: NOESY spectra of OLA (a), (b) and Q-PbS (c) in
tol-d8. As for OA, we observe no NOE cross-peaks for free OLA
at 100ms mixing time. Increasing it to 600ms, weak positive
NOE cross-peaks appear. In contrast, a NOESY spectrum of
Q-PbS shows strong and negative NOE cross-peaks between
the OLA ligand resonances, confirming that OLA acts as a
ligand.
(at a 100ms mixing time), shows strong and negative NOE cross-
peaks (figure 6.3(c)). These measurements confirm that, even
though the Q-PbS 1H NMR and DOSY spectra closely resem-
ble those of free OLA, the OLA ligands clearly interact with the
nanocrystal surface. The combined 1H NMR, DOSY and NOESY
measurements therefore lead to the conclusion that they show
a fast ligand dynamics. The exchange rate is estimated from
the 1H NMR spectrum, using a typical frequency difference of
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Figure 6.4: Quantitative 1H NMR spectrum of Q-PbS pre-
pared with TOP added to the synthesis. We fit the areas of
the alkene (a) and methyl (b) protons by a sum of Lorentzian
peaks, superimposed on a background in the case of the methyl
protons (dashed line) to account for the tail of the neighboring
methylene resonance. The result yields a TOP:OLA ratio of
0.02:1, i.e., within experimental error, no TOP is detected.
∆ω = 314 s−1 between free and bound states (obtained from typ-
ical Q-InP and Q-PbSe 1H NMR spectra). Equation 6.8 then
yields: kex  157 s−1.
6.4 Capping exchange to OA
6.4.1 Q-PbS synthesis with added TOP
Q-PbS can be synthesized with a small amount of TOP added
to increase the available size range (section 3.1). TOP can pas-
sivate surface S atoms, making it a potential ligand. However, a
quantitative 1H NMR spectrum of a Q-PbS suspension, prepared
from a synthesis with added TOP (figure 6.4), yields a TOP:OLA
ratio of 0.02:1 (equation 5.1). We conclude that, within exper-
imental error, TOP is not present in the Q-PbS NMR sample.
This shows that, even though TOP is used during synthesis, it
does not act as a ligand, and the nanocrystals are capped solely
with highly dynamic OLA ligands. This result is in accordance
with the RBS measurements presented in section 3.5.1, where an
excess of Pb was observed for all Q-PbS nanocrystals. Similar to
Q-PbSe, this excess is most probably located at the nanocrystal
surface, strongly reducing the number of binding sites for TOP (as
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Figure 6.5: (a) The 1H NMR spectrum OA capped Q-PbS
shows only broad resonances. (b) The corresponding slow
diffusion coefficient confirms that the OA ligands are tightly
bound to the nanocrystal surface. The weak signal of the tol-
d8 diffusion coefficient is not shown to avoid a noisy figure,
but is represented by the dotted line. (c) In the case that
some residual OLA is still present after one capping exchange
step (top trace, OLA marked by •), the procedure is repeated
to completely remove OLA, yielding Q-PbS which are capped
solely with OA ligands (bottom trace).
TOP does not bind to surface Pb atoms).
6.4.2 OA capped Q-PbS
Due to the highly dynamic nature of the OLA ligands, and the
absence of TOP ligands, the capping can easily be exchanged for
OA ligands (section 3.1). Figure 6.5(a) shows the 1H NMR spec-
trum of a typical Q-PbS suspension after substitution of the li-
gands for OA (5.5 nm Q-PbS, sample A). Next to the CH2Br2 res-
onance at 3.94 ppm, residual toluene at 2.09 ppm and a singlet res-
onance at 2.12 ppm (probably residual methanol), we only observe
broad resonances, with a chemical shift comparable to free OA.
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d (nm) N Pbe OA OA:Pbe
A 5.5 3314 380 284 0.75
B 7.1 7228 829 554 0.67
Table 6.1: Q-PbS size d, number of atoms N (equation 2.3),
excess Pb atoms Pbe (assuming a Pb:S ratio of 1.26:1), OA
ligands per nanocrystals (determined with NMR), and corre-
sponding OA:Pbe ratio.
The DOSY spectrum (figure 6.5(b), measured with δ=5ms and
∆=250ms), shows that the OA ligand diffusion coefficient equals
9.3 10−11m2/s, yielding a hydrodynamic diameter dH =8.0 nm.
This value agrees well with the Q-PbS core size of 5.5 nm, in-
cremented with the typical thickness of the OA capping layer
(1.25 nm, agreeing with typical values obtained for OA capped
Q-PbSe, figure 5.2).
In some cases, a little amount of OLA is still present after
one capping exchange step (figure 6.5(c), top trace). When this
is observed, we simply repeat the exchange procedure. The bot-
tom trace shows that the second exchange step indeed removes
the residual OLA, yielding nanocrystals which are capped solely
by OA (7.1 nm Q-PbS, sample B). Although these results appear
trivial, they nevertheless highlight the importance of using NMR
as a feedback tool for capping exchange procedures.
Quantitative NMR measurements on samples A and B yield a
OA coverage of 3.0 and 3.5 ligands per nm2 of nanocrystal surface,
respectively. Interestingly, this value is much smaller than the 4.2
ligands per nm2 observed for Q-PbSe nanocrystals, even though
the smaller PbS lattice parameter suggests that the ligand density
should increase. The lower ligand density could be the result of
the smaller number of excess Pb atoms present on the Q-PbS sur-
face with respect to Q-PbSe (sections 2.2.2 and 3.5.1). However,
taking a Pb:S ratio of 1.26:1, the number of excess Pb atoms still
exceeds the number of OA ligands per nanocrystal (table 6.1). The
presence of Cl atoms, most probably located on the nanocrystal
surface as PbCl2, might reduce the number of binding sites for OA
ligands, leading to the observed rather low ligand density.
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Figure 6.6: Luminescence spectra of OLA (dashed curve) and
OA (full curve) capped Q-PbS. The spectra are corrected for
differences in optical density. After capping exchange to OA,
we observe a 6- and 3-fold enhancement in photo-luminescence
yield for 4.7 nm (a) and 5.3 nm (b) Q-PbS, respectively.
In addition, the ratio of the area of the OA alkene resonance
to the area of the methyl resonance confirms the absence of TOP
on the Q-PbS surface. Using equation 5.1, averaged over both
samples, we find a TOP:OA ratio of 0.6%.
6.4.3 Q-PbS luminescence
Just as for OA capped Q-PbSe, the NMR measurements show that
the OA ligands are tightly bound to the Q-PbS surface. Despite
the reduced surface coverage, OA ligands still provide an improved
surface passivation with respect to OLA, resulting in a 3 to 6
fold increase in photo-luminescence quantum yield after capping
exchange to OA (figure 6.6, measurements corrected for differences
in optical density at the excitation wavelength of 400 nm).
6.5 Conclusions
OLA capped Q-PbS are studied with NMR as an example of li-
gands exhibiting a fast dynamical behavior. For ligands in fast
exchange, ligand identification based on the methods described
in previous chapters is hampered by the observation of popula-
tion averaged 1H NMR resonances and diffusion coefficients, often
strongly shifted toward the free state. However, by extending the
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techniques with NOESY, unambiguous identification remains pos-
sible, and a lower limit on the exchange rate can be determined.
Although we restrict ourselves to OLA capped Q-PbS in this
chapter, similar results are obtained on octylamine capped Q-
CdTe, dodecylamine capped Q-ZnO and pyridine capped Q-InP
(although no NOESY spectra have yet been recorded for the Q-InP
samples). Taking complementary literature data into account, we
conclude that generally, nanocrystals capped with amine ligands
show fast ligand dynamics.
As a result, OLA capped Q-PbS are poorly passivated, lead-
ing to a low photo-luminescence quantum yield. The fast ligand
dynamics however leads to a facile exchange with OA. The OA
ligands are again tightly bound to the nanocrystal surface, hereby
strongly enhancing the luminescence yield.
104
Bibliography
[1] Y. Yin and A. P. Alivisatos, Colloidal nanocrystal synthesis
and the organic-inorganic interface, Nature 2005, 437 , 664–
670.
[2] W. W. Yu et al., Preparation and characterization of
monodisperse PbSe semiconductor nanocrystals in a nonco-
ordinating solvent , Chem. Mat. 2004, 16 , 3318–3322.
[3] H. Du et al., Optical properties of colloidal PbSe nanocrystals,
Nano Lett. 2002, 2 , 1321–1324.
[4] C. Bullen and P. Mulvaney, The effects of chemisorption on
the luminescence of CdSe quantum dots, Langmuir 2006, 22 ,
3007–3013.
[5] N. Pradhan et al., Surface ligand dynamics in growth of na-
nocrystals, J. Am. Chem. Soc. 2007, 129 , 9500–9509.
[6] X. H. Ji et al., Ligand bonding and dynamics on colloidal
nanocrystals at room temperature: The case of alkylamines
on CdSe nanocrystals, J. Am. Chem. Soc. 2008, 130 , 5726–
5735.
[7] R. Koole et al., Time-dependent photoluminescence spec-
troscopy as a tool to measure the ligand exchange kinetics
on a quantum dot surface, ACS Nano 2008, 2 , 1703–1714.
[8] J. Aldana, Y. A. Wang and X. G. Peng, Photochemical in-
stability of CdSe nanocrystals coated by hydrophilic thiols, J.
Am. Chem. Soc. 2001, 123 , 8844–8850.
[9] B. R. Hyun et al., Near-infrared fluorescence imaging with
water-soluble lead salt quantum dots, J. Phys. Chem. B 2007,
111 , 5726–5730.
[10] D. V. Talapin et al., Synthesis and surface modification of
amino-stabilized CdSe, CdTe and InP nanocrystals, Colloid
Surf. A-Physicochem. Eng. Asp. 2002, 202 , 145–154.
[11] D. V. Talapin and C. B. Murray, PbSe nanocrystal solids
for n- and p-channel thin film field-effect transistors, Science
2005, 310 , 86–89.
[12] M. Law et al., Structural, optical, and electrical properties
105
of PbSe nanocrystal solids treated thermally or with simple
amines, J. Am. Chem. Soc. 2008, 130 , 5974–5985.
[13] A. A. Guzelian et al., Synthesis of size-selected, surface-
passivated InP nanocrystals, J. Phys. Chem. 1996, 100 ,
7212–7219.
[14] A. Lobo et al., Photoelectron spectroscopic investigations of
chemical bonding in organically stabilized PbS nanocrystals,
J. Phys. Chem. B 2005, 109 , 17422–17428.
[15] S. Sapra et al., Unraveling internal structures of highly lu-
minescent PbSe nanocrystallites using variable-energy syn-
chrotron radiation photoelectron spectroscopy , J. Phys. Chem.
B 2006, 110 , 15244–15250.
[16] J. Taylor, T. Kippeny and S. J. Rosenthal, Surface stoichiom-
etry of CdSe nanocrystals determined by Rutherford backscat-
tering spectroscopy , J. Clust. Sci. 2001, 12 , 571–582.
[17] J. R. Sachleben et al., NMR-studies of the surface structure
and dynamics of semiconductor nanocrystals, Chem. Phys.
Lett. 1992, 198 , 431–436.
[18] S. A. Majetich et al., 1H NMR characterization of the CdSe
nanocrystallite surface, J. Phys. Chem. 1994, 98 , 13705–
13710.
[19] J. R. Sachleben et al., Solution-state NMR studies of the sur-
face structure and dynamics of semiconductor nanocrystals,
J. Phys. Chem. B 1998, 102 , 10117–10128.
[20] F. Ribot et al., In situ evaluation of interfacial affinity
in CeO2 based hybrid nanoparticles by pulsed field gradient
NMR, Chem. Commun. 2005, 1019–1021.
[21] L. Van Lokeren et al., Characterization of titanium dioxide
nanoparticles dispersed in organic ligand solutions by using a
diffusion-ordered spectroscopy-based strategy , Chem. Eur. J.
2007, 13 , 6957–6966.
[22] L. Shen et al., Pulsed field gradient NMR studies of polymer
adsorption on colloidal CdSe quantum dots, J. Phys. Chem.
B 2008, 112 , 1626–1633.
[23] L. Polito et al., Resolving the structure of ligands bound to
106
the surface of superparamagnetic iron oxide nanoparticles by
high-resolution magic-angle spinning NMR spectroscopy , J.
Am. Chem. Soc. 2008, 130 , 12712–12724.
[24] J. S. Owen et al., Reaction chemistry and ligand exchange at
cadmium–selenide nanocrystal surfaces, J. Am. Chem. Soc.
2008, 130 , 12279–12281.
[25] T. D. W. Claridge, High-resolution NMR techniques in or-
ganic chemistry , Elsevier 1999.
[26] O. I. Micic et al., Synthesis and characterization of InP, GaP,
and GaInP2 quantum dots, J. Phys. Chem. 1995, 99 , 7754–
7759.
[27] D. V. Talapin et al., Etching of colloidal InP nanocrystals
with fluorides: Photochemical nature of the process resulting
in high photoluminescence efficiency , J. Phys. Chem. B 2002,
106 , 12659–12663.
[28] D. H. Wu, A. D. Chen and C. S. Johnson, An im-
proved diffusion-ordered spectroscopy experiment incorporat-
ing bipolar-gradient pulses, J. Magn. Reson. Ser. A 1995,
115 , 260–264.
[29] W. S. Price, Pulsed-field gradient nuclear magnetic resonance
as a tool for studying translational diffusion .1. Basic theory ,
Concepts Magn. Resonance 1997, 9 , 299–336.
[30] W. S. Price, Pulsed-field gradient nuclear magnetic resonance
as a tool for studying translational diffusion. 2. Experimental
aspects, Concepts Magn. Resonance 1998, 10 , 197–237.
[31] M. Tomaselli et al., NMR study of InP quantum dots: Surface
structure and size effects, J. Chem. Phys. 1999, 110 , 8861–
8864.
[32] R. H. Fowler, Adsorption isotherms. Critical conditions,
Math. Proc. Cambridge 1936, 32 , 144–151.
[33] R. Peierls, Statistical theory of adsorption with interaction
between the adsorbed atoms, Math. Proc. Cambridge 1936,
32 , 471–476.
[34] E. Delamarche et al., Thermal stability of self-assembled
monolayers, Langmuir 1994, 10 , 4103–4108.
107
[35] S. F. Wuister et al., Temperature antiquenching of the lumi-
nescence from capped CdSe quantum dots, Angew. Chem. Int.
Edit. 2004, 43 , 3029–3033.
[36] H. Bo¨nnemann et al., Nanoscale colloidal metals and alloys
stabilized by solvents and surfactants: Preparation and use as
catalyst precursors, J. Organomet. Chem. 1996, 520 , 143–
162.
[37] A. Roucoux, J. Schulz and H. Patin, Reduced transition metal
colloids: A novel family of reusable catalysts? , Chem. Rev.
2002, 102 , 3757–3778.
[38] C. A. Stowell and B. A. Korgel, Iridium nanocrystal synthesis
and surface coating-dependent catalytic activity , Nano Lett.
2005, 5 , 1203–1207.
[39] J. Jasieniak and P. Mulvaney, From Cd-rich to Se-rich - The
manipulation of CdSe nanocrystal surface stoichiometry , J.
Am. Chem. Soc. 2007, 129 , 2841–2848.
[40] M. Klokkenburg et al., Dipolar structures in colloidal disper-
sions of PbSe and CdSe quantum dots, Nano Lett. 2007, 7 ,
2931–2936.
[41] K. S. Cho et al., Designing PbSe nanowires and nanorings
through oriented attachment of nanoparticles, J. Am. Chem.
Soc. 2005, 127 , 7140–7147.
[42] X. Y. Huang, E. Lindgren and J. R. Chelikowsky, Surface
passivation method for semiconductor nanostructures, Phys.
Rev. B 2005, 71 , 165328.
[43] J. M. An et al., The peculiar electronic structure of PbSe
quantum dots, Nano Lett. 2006, 6 , 2728–2735.
[44] A. Franceschetti, Structural and electronic properties of PbSe
nanocrystals from first principles, Phys. Rev. B 2008, 78 ,
075418.
[45] J. W. Stouwdam et al., Photostability of colloidal PbSe and
PbSe/PbS core/shell nanocrystals in solution and in the solid
state, J. Phys. Chem. C 2007, 111 , 1086–1092.
[46] F. Ni, Recent developments in transferred NOE methods,
Prog. Nucl. Mag. Res. Sp. 1994, 26 , 517–606.
108
[47] A. D. Bain, Chemical exchange in NMR, Prog. Nucl. Mag.
Res. Sp. 2003, 43 , 63–103.
[48] E. J. Cabrita and S. Berger, HR-DOSY as a new tool for the
study of chemical exchange phenomena, Magn. Reson. Chem.
2002, 40 , S122–S127.
[49] G. M. Clore and A. M. Gronenborn, Theory and applications
of the transferred nuclear Overhauser effect to the study of the
conformations of small ligands bound to proteins, J. Magn.
Reson. 1982, 48 , 402–417.
[50] I. Solomon, Relaxation Processes in a System of Two Spins,
Phys. Rev. 1955, 99 , 559.
109
110
Part 3
Optical properties of colloidal
semiconductor nanocrystals

Introduction
With the steady progress of nanoscience toward application ori-
ented research, a proper knowledge of the optical properties, such
as the dielectric function and the complex refractive index, be-
comes essential. Lasing applications1–3 for instance require knowl-
edge of the refractive index of the medium in order to tune the
cavity thickness to a desired output wavelength, and recently, the
internal quantum efficiency of a Q-PbSe solar cell was calculated
using the effective refractive index neff of a close-packed Q-PbSe
thin film.4 neff was measured with ellipsometry, with unfortu-
nately a low signal-to-noise ratio in the near-infrared.
Despite 25 years of research, the optical properties of colloidal
quantum dots are still not fully understood. The effect of quan-
tum confinement on the shift of the band gap transition to smaller
wavelengths with decreasing size is by now well studied, both on
an experimental5–7 and a theoretical level8–11. In contrast, less
consistent literature data exists on absolute values of the molar
extinction or the absorption coefficient.12–17 In this case, the ef-
fects of quantum confinement are not completely unraveled yet.
In this part, we quantify the optical properties of colloidal lead
chalcogenide nanocrystals. We derive the absorption coefficient of
the quantum dots, and, at the band gap, calculate the correspond-
ing oscillator strength. We demonstrate that at energies far above
the band gap, quantum dots absorb essentially just as bulk ma-
terial, showing no confinement effects. In contrast, we observe
strong confinement effects at the band gap.
Next, we obtain the complex dielectric function and refractive
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index from the absorption coefficient of colloidal quantum dots in
suspension, using the Kramers–Kro¨nig relations and the Maxwell-
Garnett model18,19 of small particles dispersed in a transparent
dielectric host.
In the concluding chapter of this part, we shift focus to the
nonlinear optical properties of colloidal lead chalcogenide nano-
crystals. Using the Z-scan technique,20 we will show that the
Qdots possess a high nonlinear refractive index, and that they
behave as saturable absorbers.
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Chapter VII
Linear optical properties of
colloidal lead chalcogenide
nanocrystals
7.1 Introduction
An important quantity in colloidal nanocrystal research is the mo-
lar extinction coefficient ε. In combination with the absorbance
spectrum and Beer’s law, it provides the most convenient way to
determine the concentration of dispersed quantum dots (sections
2.2.3 and 3.5.2). From a theoretical point of view, ε gives insight
in the spectral position and the oscillator strength of the inter-
band transitions of colloidal quantum dots, and their evolution
with size.
The dependence of the spectral position of the band gap tran-
sition on the nanocrystal size is by now well understood, and excel-
lent agreement between experiment and theory has been demon-
strated for many different materials.5–11 In contrast, the results
of experimental studies on extinction coefficients and oscillator
strengths of electronic transitions in colloidal quantum dots are
less clear. On the basis of the maximum value of the band gap
absorption, an increase of ε with increasing particle size has been
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reported for materials such as CdTe,15 CdS,15 CdSe,13,15 InAs16
and PbS.17 Very often, this size dependence takes the form of a
power law, but the exponents vary widely from material to ma-
terial and, in the case of CdTe, even for the same material (Yu
et al.15 report a cubic dependence, while Rajh et al.12 found that
ε is size-independent). The fact that the maximum of the band
gap absorption depends on the size dispersion of the sample is
anticipated in more recent reports, in which calibrated15 or inte-
grated14,17 absorbances are used.
For comparison with theory, the oscillator strength is a more
attractive quantity because it only depends on intrinsic quantum
dot properties. However, literature does not yield a standard pro-
cedure to calculate the oscillator strength of the band gap transi-
tion from the absorbance spectrum. Many authors work with rela-
tive oscillator strengths, assuming that the oscillator strength has
the same size-dependence as the extinction coefficient per parti-
cle12 or the wavelength integrated extinction coefficient.14,17 Only
in the case of InAs quantum dots, the oscillator strength is quan-
tified starting from the frequency integrated absorption cross sec-
tion.16 However, none of these reports establish a quantitative
agreement between the experimental oscillator strength and theo-
retical calculations.
In section 2.2.3 and 3.5.2, we have already shown that the mo-
lar extinction coefficient of Q-PbS and Q-PbSe show a cubic size
dependence at 400 nm, indicating the absence of quantum confine-
ment. In this chapter, we extend this to a deeper experimental
and theoretical study on the absorption coefficient and oscillator
strength of spherical lead chalcogenide quantum dots at energies
far above the band gap and at the band gap transition.
7.2 The Maxwell-Garnett model
7.2.1 Basics optics
Before we derive the optical properties of dispersed nanoparticles
using the Maxwell–Garnett (MG) model, we give a brief overview
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of the relevant optical quantities.
A material is characterized by its complex dielectric function
= R+ i I . The real and imaginary part of  are related to the
complex refractive index n + i k through:
R = n2 − k2
I = 2nk (7.1)
The extinction coefficient k can be derived from the absorption
coefficient α of the material at any given wavelength λ (or, equiv-
alently, any frequency ω):
α =
4pi
λ
k =
2ω
c
k (7.2)
If k is known over the entire spectral domain, n can be determined
at any frequency ω by a Kramers–Kro¨nig transformation:
n(ω) = 1 +
2
pi
P
∫ ∞
0
ω′k(ω′)
ω′2 − ω2dω
′ (7.3)
P denotes the Cauchy principal value.
To avoid confusion, we will use an alternative notation for the
absorption coefficient of a material consisting of small spherical
particles, dispersed in a dielectric host; we define it as µ, given by:
µ =
4pi
λ
keff (7.4)
with keff the effective extinction coefficient of the composite ma-
terial. For the composite, equations 7.1 and 7.3 still hold, keeping
in mind that in this case, the material is described by an effec-
tive dielectric function R,eff + i I,eff and an effective complex
refractive index neff + i keff .
7.2.2 Derivation of µ using the MG model
A dilute suspension of semiconductor nanocrystals in a (trans-
parent) organic solvent is a good example of a composite with a
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Figure 7.1: Schematic representation of the Maxwell-Garnett
geometry. Small, spherical and randomly dispersed dielectric
particles are suspended in a dielectric host, with an interpar-
ticle distance much larger than the particle size.
Maxwell-Garnett geometry.18,19,21,22 Originally, J. Maxwell Gar-
nett derived it to model the optical properties of metal glasses
and films.18,19 The theory however does not restrict the nature of
the included particles. It only states that the particles (with a
dielectric constant d) must be spherical and randomly dispersed
in a dielectric host with dielectric constant h. In addition, the
interparticle distance must be much larger than the particle size.
The particles are then regarded as point dipoles.
For such a composite, the effective dielectric constant eff can
be derived in various ways.18,19,23–25 We start from the average
electric displacement
〈
D
〉
, related to the average electric field
〈
E
〉
and the average polarization
〈
P
〉
as:〈
D
〉
= eff
〈
E
〉
= h
〈
E
〉
+
〈
P
〉
(7.5)
with eff the effective dielectric constant of the composite.
〈
P
〉
is
given by the number density N of dipoles in the material (equal
to the density of dispersed particles), multiplied by their dipole
moment p. p is given by the polarizability αP of the particles, and
the local field EL. This yields following relation:〈
P
〉
= Np = NαPEL (7.6)
For a spherical particle, the local field can be written as:
EL =
〈
E
〉
+
1
3h
〈
P
〉
(7.7)
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Combination of equations above then finally leads to the Clausius–
Mossotti relation:
eff − h
eff + 2h
=
NαP
3h
(7.8)
The polarizability of a spherical particle of radius R, dispersed in
a dielectric host with dielectric constant h, is given by:
αP = 4piR3h
d − h
d + 2h
(7.9)
Using the particle volume fraction f =N(4pi/3)R3, and inserting
the resulting αP in the Clausius–Mossoti relation, we finally find
eff :
eff =
1 + 2βf
1− βf h
β =
d − h
d + 2h
(7.10)
For low volume fractions (f  1), as is the case for our nanocrystal
suspensions, equation 7.10 can be further simplified. Substituting
h by s, real dielectric constant of the transparent solvent, and d
by R + i I , the complex dielectric constant of the nanocrystals,
we find following real and imaginary part of eff :
R,eff = s
I,eff = |fLF |2 f.I (7.11)
With fLF the local field factor:
fLF =
3s
R + i I + 2s
(7.12)
We return now to equation 7.4 for the absorption coefficient µ
of the composite. Knowing that (f  1):
keff =
I,eff
2neff
≈ I,eff
2ns
(7.13)
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with ns=
√
s the refractive index of the solvent, we can derive µ
from equations 7.4 and 7.11:
µ =
2pi
λns
|fLF |2 f.I (7.14)
This equation shows that, for spherical particles dispersed in a
transparent host, the absorption coefficient µ can be derived from
the dielectric function of the inclusions R+ iI and the refrac-
tive index ns, or equivalently the real dielectric function s, of the
host material. As the effective absorption coefficient increases lin-
early with the particle volume fraction, we can define an intrinsic
absorption coefficient from µ= f.µintr, a property independent of
nanocrystal concentration.
In order to experimentally determine µintr of suspended Qdots,
it is conveniently related to the molar extinction coefficient ε of
dispersed particles (see sections 2.2.3, 3.5.2 and 4.1). Both are
defined by the transmittance T of a sample of length L:
− log T = cεL
− lnT = fµintrL (7.15)
f can be calculated from the particle concentration c and size d:
f = cNA
pid3
6
(7.16)
with NA Avogadro’s constant. Combination of equations 7.15 and
7.16 leads to following relation:
µintr =
ε ln 10
NA
6
pid3
(7.17)
For simplicity, we will continue with the intrinsic absorption
coefficient in the remainder of this work, and drop the subscript.
7.3 The Q-PbSe absorption coefficient
7.3.1 Absorption coefficient at high energies
Five Q-PbSe samples are prepared for ICP-MS measurements and
the calculation of ε (section 2.2.3). Spectra of ε are shown in figure
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Figure 7.2: (a) Spectra of the molar extinction coefficient
of five Q-PbSe suspensions. (b) The experimental absorption
coefficients at 400 nm µ400 for these samples (dots) yield an
average value of 2.06± 0.03 105 cm−1 (dotted line), agreeing
well with the theoretical value for bulk PbSe (full line).
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Figure 7.3: Refractive index of CCl4 (open squares) and
C2Cl4 (open circles), fitted with a McLaurin expression.
7.2(a). Using equation 7.17, the absorption coefficient at 400 nm
µ400 is calculated from ε at 400 nm ε400. In section 2.2.3, we have
already demonstrated that ε400 increases with the particle volume,
consequently, we find a size-independent µ400 (figure 7.2(b), dots),
equal to 2.06± 0.03 105 cm−1 (figure 7.2(b), dotted line).
The bulk PbSe refractive index n=2.50 and extinction coef-
ficient k=4.11 are obtained from literature26 and the refractive
index for CCl4 ns=1.477 is determined by fitting experimental
data to a McLaurin expression for the refractive index dispersion
(figure 7.3, open squares).27 The MG model then yields a theo-
retical absorption coefficient µ=2.026 105 cm−1 (equation 7.14), a
value only 2% smaller than the experimentally observed one (figure
7.2(a), full line). The excellent agreement with the experimental
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Figure 7.4: (a) Absorbance spectrum of 4.5 nm Q-PbSe sus-
pended in CCl4. (b) Suspending an equal amount of these
particles in C2Cl4 (bottom graph, black) shows an 8% increase
in absorption with respect to the CCl4 absorbance spectrum
(gray). The experimental ratio of 1.08 (top graph, full line)
agrees well with the theoretically expected values (dotted line).
value again demonstrates that high energy photons probe transi-
tions between states that are essentially bulk-like. Hence, only the
number of PbSe units present, and not the size of the nanocrys-
tals, determines the absorption coefficient of a Q-PbSe suspension
at these photon energies. Furthermore, the agreement validates
that the MG model accurately describes the nanocrystal absor-
bance spectrum. Our results are in line with data for InAs16 and
CdSe14 nanocrystals, where measured absorption cross sections at
high photon energy were also in good agreement with bulk values.
An important consequence of the model is that the absorption
coefficient depends on the refractive index of the solvent. Indeed,
when suspending an equal amount of 4.5 nm Q-PbSe in CCl4 and
C2Cl4, respectively, the absorbance spectrum increases by 8% in
the visible range (figure 7.4). At 400 nm, a C2Cl4 refractive index
of 1.53 is determined by a McLaurin expression fitted to experi-
mental literature data (figure 7.3, open circles).27 Unfortunately,
the experimental data only range between 0.6 and 8.3 µm, render-
ing the value at 400 nm more uncertain than in the case of CCl4
(experimental data range: 0.4–15 µm). Nevertheless, based on
this value, we calculate an absorption coefficient of 2.273 105 cm−1.
This implies an increase of 12%, which agrees well with the 8%
increase observed experimentally.
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7.3.2 Absorption coefficient at the band gap
Literature data are less consistent with respect to the molar extinc-
tion coefficient of colloidal nanocrystals at the band gap.12–17,28
Expanding the procedure used by Cademartiri et al.,17 we calcu-
late an energy integrated molar extinction coefficient εgap,eV for
the band gap transition, by doubling the integrated low energy half
of the first absorption peak. By using the integrated value instead
of the peak value, we avoid the need to calibrate the absorbance
for samples with markedly different size dispersions. Figure 7.5(a)
shows the size-dependence of the energy integrated molar extinc-
tion coefficient, for the ICP-MS samples (dots) and samples for
which we calculated the concentration using the molar extinction
coefficient ε400 (open circles). Fitting a power law through the
experimental data yields (d in nm):
εgap,eV = 3.1d0.9 (cm
−1meV) (7.18)
As the error on the exponent is equal to 0.1, we can conclude that
an approximately linear increase of εgap,eV with size is found.
As an alternative, one could take the wavelength as the vari-
able of integration. Because the absorbance peak is narrow, the
resulting wavelength integrated extinction coefficient, εgap,λ is re-
lated to εgap,eV through the sizing curve E0:
εgap,λ =
hc
eE0(d)2
εgap,eV (7.19)
As confirmed by Figure 7.5(b), the above relation implies that
εgap,λ and εgap,eV have a different size dependence. This shows
that the different results on the size dependence of the molar ex-
tinction coefficient reported in the literature12–17,28 may be due
to the method used to calculate it. From εgap,eV , the (energy)
integrated absorption coefficient µgap is derived in a similar way
as µ400. Figure 7.5(c) shows µgap as a function of size. In con-
trast with the absorption coefficient at high energy, µgap is not
size-independent. A one-parameter fit yields:
µgap = 1.85 107.d−2 (cm−1meV) (7.20)
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Figure 7.5: (a) The energy integrated molar extinction co-
efficient at the band gap εgap,eV increases linearly with size.
(b) In contrast, when integrating over a wavelength interval,
εgap,nm increases quadratically with size. (c) The absorption
coefficient at the band gap µgap increases with decreasing par-
ticle size, indicating that smaller particles are more efficient
absorbers.
with d in nm. As µgap increases with decreasing size, it follows
that smaller particles are more efficient (resonant) absorbers.
7.4 The oscillator strength
7.4.1 Theoretical calculation
From the energy integrated absorption coefficient µgap, the oscil-
lator strength per particle fif of the first optical transition can be
calculated. From time-dependent perturbation theory, it follows
that the energy Iabs resonantly absorbed by a single particle per
second can be written as:29
Iabs =
e2piω
30nsc
|〈f |r|i〉|2 |fLF |2 I(E) (7.21)
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Here, 0 denotes the electric constant, |i〉 and |f〉 denote the ini-
tial and final state of the system, I(E) is the light intensity per
unit photon energy and E = ~ω is the energy of the resonantly
absorbed photons. Using the momentum-position relation, the
oscillator strength fif of the transition from |i〉 to |f〉 is given by:
fif =
2meω
3~
|〈f |r|i〉|2 (7.22)
With me the free electron mass. Consequently, we can write Iabs
as:
Iabs =
e2pi~
2me0nsc
fif |fLF |2 I(E) (7.23)
We write the concentration of quantum dots absorbing photons
with energy between E and E + dE as c(E)dE. In that case, the
infinitesimal light intensity loss dI(E) in a slice of suspension with
unit surface area and thickness dL by absorption of photons with
energy between E and E + dE is given by:
dI(E) = c(E)NAIabs dL (7.24)
Using expression 7.23 for the absorbed energy per particle, we
obtain:
1
I(E)
dI(E)
dL
= c(E)
pi
2
e2~NA |fLF |2
me0nsc
fif (7.25)
The left hand side corresponds to ln(10)A(E)L−1, where A(E) is
the measured absorbance of the suspension in the energy range
[E,E + dE] and L is the sample length. Hence, we can write:
A(E) = Lc(E)
pi
2 ln(10)
e2~NA |fLF |2
me0nsc
fif (7.26)
Integrating the left hand and the right hand side over the photon
energy (in eV), and assuming that the oscillator strength is con-
stant in the narrow energy range of the first exciton transition, we
obtain: ∫
A(E)dE = Lc0
pi
2 ln(10)
e~NA |fLF |2
me0nsc
fif (7.27)
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Figure 7.6: The experimental oscillator strength (circles,
squares) increases linearly with size (full line). Values are in-
dependent of the refractive index of the solvent, as Q-PbSe
suspended in CCl4 (circles) yield similar values as Q-PbSe sus-
pended in C2Cl4 (squares). The experimental values agree well
with theoretical tight binding calculations (diamonds).
Here, c0 stands for the total quantum dot concentration. We see
that the oscillator strength of the transition can be obtained from
the energy integrated absorbance:
fif =
1
Lc0
2 ln(10)
pi
me0nsc
e~NA |fLF |2
∫
A(E)dE (7.28)
Finally, using the absorption coefficient µgap, the oscillator
strength fif can be written as:
fif =
20nscme
epi~
1
|fLF |2
pid3
6
µgap (7.29)
7.4.2 Experimental results
Around the band gap transition, we estimate fLF using n=5.2
and k  n for PbSe30 and ns=1.448 for CCl4.27 We find oscil-
lator strengths in the range 8-25, depending on quantum dot size
(figure 7.6, circles). The oscillator strength at the band gap is also
calculated from Q-PbSe suspended in C2Cl4, using ns=1.488.27
Figure 7.6 shows that the values (squares) correspond well with
the values obtained from Q-PbSe suspended in CCl4. This con-
firms that fif is a material property, as its value does not depend
on the solvent used.
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It is therefore more relevant to compare the experimental os-
cillator strength with theory than for instance the absorption co-
efficient. The experimental values show a good agreement with
tight binding calculations of the oscillator strength (figure 7.6,
diamonds).10 While the effective mass approximation predicts a
size-independent oscillator strength per particle,31,32 both the ex-
perimental and theoretical data show that fif scales linearly with
the nanocrystal size. Note that the theoretical oscillator strengths
are plotted as a function of an effective Q-PbSe size, determined
from the calculated band gap using the sizing curve (equation
2.1). This way, experimental and theoretical results are compared
on the basis of a similar band gap.
The fact that fif exceeds 1 for Q-PbSe does not violate the
Thomas-Reiche-Kuhn sum rule (also called f-sum rule). First, the
upper valence band level of Q-PbSe is 8-fold degenerate, which
means that summing the oscillator strength over all final one-
electron states should give a value of 8. Second, the upper valence
band level is not the lowest energy one electron state. As a conse-
quence, the Thomas-Reiche-Kuhn sum contains negative terms as
well, and the value of an individual oscillator strength may exceed
the sum of all oscillator strengths.
7.5 Comparison with Q-PbS
7.5.1 Q-PbS absorption coefficient at high energies
The Q-PbS extinction coefficient was determined from four Q-
PbS suspensions in C2Cl4. The dependence of ε400 on the
nanocrystal volume already demonstrated that the Q-PbS op-
tical properties are not influenced by quantum confinement at
these wavelengths. Using equation 7.17, we calculate the cor-
responding Q-PbS absorption coefficient. On average, we find:
µ400=1.696 105 cm−1. The theoretical Q-PbS absorption coef-
ficient is again given by equation 7.14. Using bulk PbS values
n=3.96 and k=3.34,33 and a C2Cl4 refractive index ns=1.53,27
we obtain: µ=1.710 105 cm−1. Both values differ by less than 1%,
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Figure 7.7: (a) When plotted as a function of size, the Q-PbS
(dots) and Q-PbSe (squares) absorption coefficients are similar.
Both scale with d−2 (full line). (b) Plotted as a function of the
spectral position of their respective first absorption peak, Q-
PbSe (squares) clearly show a higher µgap than Q-PbS (dots),
demonstrating that for a given wavelength, Q-PbSe are more
efficient absorbers.
confirming that the Q-PbS absorption coefficient at 400 nm can
be calculated from bulk optical properties, just as for Q-PbSe.
7.5.2 Optical properties at the band gap
We compare the Q-PbS absorption coefficient at the band gap µgap
(dots) to the Q-PbSe data (squares) in figure 7.7. As values depend
on the local field factor and therefore the solvent refractive index,
we only compare C2Cl4 suspensions. Interestingly, figure 7.7(a)
shows that Q-PbS and Q-PbSe of the same size have a comparable
µgap. Similar to Q-PbSe suspended in CCl4, µgap scales with d−2
(full line):
µgap = 2.33 107.d−2 (cm−1meV) (7.30)
with d in nm. However, from a practical point of view, it is more
interesting to compare µgap on a wavelength scale, plotting the
values as a function of the spectral position of their respective
first absorption peak, as this comparison will determine the ma-
terial with the highest µgap for a given wavelength. Figure 7.7(b)
shows that in this case, Q-PbSe clearly have a higher absorption
coefficient, demonstrating that for a given wavelength, Q-PbSe are
more efficient absorbers.
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Figure 7.8: The experimental Q-PbS oscillator strength (gray
circles) increases linearly with size (line). Values agree with
tight binding calculations (gray diamonds), and are ca. 37%
smaller than the Q-PbSe oscillator strenght (black circles: ex-
perimental data; black diamonds: theoretical data)
7.5.3 The oscillator strength
From a theoretical point of view, the oscillator strength fif is
again a more valuable parameter, as it eliminates the effect of the
local field factor. Figure 7.8 compares the experimental Q-PbS
fif (gray circles) to theoretical tight binding calculations (gray
diamonds) and the experimental (black circles) and theoretical
(black diamonds) Q-PbSe values. First, the experimental Q-PbS
values agree well with theoretical calculations, confirming the va-
lidity of our approach to calculate fif from the energy integrated
absorption coefficient. Just as for Q-PbSe fif increases linearly
with size. Second, the Q-PbS oscillator strength is clearly smaller
than Q-PbSe. A linear fit to both experimental data sets yields
a Q-PbSe:Q-PbS oscillator strength ratio of 1.6:1. This result
might reflect the reduced quantum confinement effect in Q-PbS
(the PbSe exciton Bohr radius is twice as large as for PbS). It
might also arise from a weaker oscillator strength of the respective
bulk materials; a deeper analysis will be undertaken in the near
future.
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7.6 Conclusions
In order to quantify the optical properties of colloidal nanocrys-
tals, the absorption coefficient is calculated from the absorbance
spectrum. We demonstrate that, at high energies, µ400 is size-
independent for both Q-PbSe and Q-PbS. This reveals that op-
tical properties are bulk-like at these wavelengths. We compare
experimental results to theoretical calculations, derived using a
Maxwell-Garnett model of small dielectric particles dispersed in a
transparent dielectric host. At short wavelengths, the Qdot ab-
sorption coefficient is well described by the theoretical results, ob-
tained using the bulk semiconductor refractive index n and extinc-
tion coefficient k, and the solvent refractive index ns. This con-
firms the absence of quantum confinement at these wavelengths.
In contrast, the energy integrated absorption coefficient at the
band gap shows a strong size-dependence. For both Q-PbS and
Q-PbSe, we can conclude that smaller particles are more efficient
absorbers. From a practical point of view however, when com-
paring nanocrystals having the same band gap, Q-PbSe possess a
higher µgap than Q-PbS.
The experimental oscillator strength, derived from µgap, shows
a linear increase with size, in contrast with earlier results predict-
ing a size-independent fif . The experimental values agree well
with theoretical tight-binding calculations, and reveal that the Q-
PbS fif is slightly reduced (by ca. 37%) with respect to Q-PbSe
values.
The MG model and corresponding calculations presented in
this chapter are applied to colloidal lead chalcogenide nanocrys-
tals, but are generally valid. Consequently, a robust method to
calculate the absorption coefficient and oscillator strength is pre-
sented here, which should allow for the quantitative comparison of
a whole range of semiconductor nanocrystal materials and sizes.
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Chapter VIII
The dielectric function of
colloidal lead chalcogenide
nanocrystals
8.1 Interpretation of the Qdot absorption
spectrum
8.1.1 Importance of the local field factor
The starting point in chapter VII, the Maxwell-Garnett model,
has proved to accurately describe the absorption coefficient µ of
small spherical particles dispersed in a dielectric medium. Com-
paring the absorption coefficient for different Q-PbSe suspensions
in CCl4 with µ calculated using the bulk PbSe values for n and
k 26,30 and the CCl4 refractive index ns 27 (figure 8.1), we observe
the well-known effect of quantum confinement: the band gap (E0)
transition, situated at the L point in the Brillouin zone, and the
E1 transition, along the Σ direction, are both shifted to higher en-
ergies. From 2.5 eV (500 nm) onward however, all curves coincide.
This has lead us to two conclusions. First, at these short wave-
lengths, n and k for bulk PbSe and Q-PbSe are identical, which
suggests that high-energy transitions (in the visible and near-UV,
essentially the E2 and E3 transitions along the ∆ direction) in
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Figure 8.1: Comparison of the absorption coefficient µ of dif-
ferent Q-PbSe suspensions (gray) with bulk PbSe (black). The
positions of the E0 (0.28 eV), E1 (1.6 eV), and E2 (2.7 eV)
transitions for bulk PbSe are also indicated. The E0 and E1
transitions are shifted to higher energies due to quantum con-
finement, while the E2 transition is not affected.
Q-PbSe are essentially bulk-like. Second, the rising absorption
of the Q-PbSe suspension at short wavelengths is not due to for
instance Rayleigh scattering, but is due to a strongly increasing
local field factor fLF . Indeed, for particle sizes ranging between
2 and 15 nm, we find that at 400 nm, the Rayleigh cross section
σR:34
σR =
8pi
3
(
2pins
λ
)4(d
2
)6( n2 − n2s
n2 + 2n2s
)2
(8.1)
is 5 to 3 orders of magnitude smaller than the absorption cross
section σA:
σA =
pi
6
d3µ =
pid3
6
2pi
λns
|fLF |2 I (8.2)
Figure 8.2 illustrates the effect of fLF by comparing the absorp-
tion coefficient α for bulk PbSe and µ for small PbSe particles in
a CCl4 host, according to the Maxwell-Garnett geometry (section
7.2.1). While α decreases at energies above 2.7 eV, the increasing
local field factor clearly leads to a rise of µ.
8.1.2 Problems with second derivative analysis
Due to the presence of the local field factor in the expression for µ,
the absorbance of a Qdot suspension is not a mere copy of k. It is a
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Figure 8.2: Top: Absorption coefficient α (diamonds) for
bulk PbSe and corresponding µ for PbSe particles in CCl4
(squares). Due to fLF , µ continues to rise at energies above
2.7 eV. Bottom: Second derivative of α (diamonds) and µ
(squares, 8 times enlarged). The 1.6 eV dip is blue shifted
by 50meV and the 2.7 eV dip has vanished in the case of µ.
rather complex combination of n and k. This introduces difficulties
when performing a detailed assignment of the absorption peaks to
transitions between the quantum dot energy levels through second
derivative analysis.17,35–37 Although it increases feature resolution
and improves the comparison of experiment with theory in bulk-
like absorption spectra, it cannot be used in our case, as µ also
depends on n, in contrast with α.
To assess the meaning of second derivative analysis, we will
consider the case of a discrete transition (like the first exciton
transition) and that of a bulk-like transition (like those above
2.5 eV in the case of PbSe) for a Qdot suspension with a certain
size dispersion. In order to understand the absorbance A(E) of a
Qdot suspension at a given energy E, we introduce the concentra-
tion distribution c(E) and the molar extinction coefficient ε(E, E).
These quantities have the following meaning: the product c(E)dE
yields the concentration of Qdots with a transition energy in the
range [E , E +dE ], and ε(E, E) gives the extinction coefficient at E
of Qdots with a transition energy E . With these definitions, A(E)
can be written as:
A(E) =
∫
ε(E, E)c(E)dE (8.3)
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Figure 8.3: Absorbance spectrum (top) and second deriva-
tive (bottom) of a Q-PbSe suspension. The dips are assigned
according to the nomenclature of Koole et al.37 The dip (*)
appearing between α and β is possibly a second-derivative ar-
tifact.
In the case of a discrete transition, one can reasonably assume
that the intrinsic line width of a transition is much smaller than the
heterogeneous line width caused by the nanocrystal size dispersion.
Consequently, ε(E, E) changes rapidly relative to c(E) and only
particles with a transition energy close to E will contribute to
A(E). The absorbance becomes:
A(E) = c(E)
∫
ε(E, E)dE (8.4)
Hence, as long as
∫
ε(E, E)dE depends only weakly on E, the ab-
sorption peaks in the absorbance spectrum essentially mimic the
concentration distribution. In this case, a second derivative anal-
ysis is warranted because a maximum in the absorbance coincides
with the average or most likely transition in the sample. Conse-
quently, a shift of the absorbance peaks with size is a clear sign of
quantum confinement, and comparison between experimental data
and theoretical calculations is possible. However, one should be
aware of possible artifacts. For instance, two closely spaced Gaus-
sian peaks exhibit a second-derivative spectrum featuring three
dips: two negative ones coinciding with the maxima and an ad-
ditional, slightly positive dip in between. Looking at the second
derivative spectrum of the Q-PbSe absorbance shown in figure 8.3,
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this is exactly what one gets between the first and the second ab-
sorption peak.
A different reasoning applies to bulk-like transitions. In that
case, the extinction coefficient ε(E, E) is independent of nanocrys-
tal size and will be a function of E only. The absorbance becomes
(c0 is the total Qdot concentration):
A(E) = ε(E)
∫
c(E)dE = ε(E)c0 (8.5)
Now, the absorbance of a Qdot suspension at a given energy E is
directly proportional to the total Qdot concentration, and its sec-
ond derivative spectrum will correspond to the second derivative
spectrum of ε(E), or equivalently µ(E). At this point, the use of
second derivative analysis becomes problematic because µ(E) is
not a direct copy of the spectrum of electronic transitions, due to
fLF . We can illustrate this point by considering the absorption
spectrum and second derivative of bulk PbSe at high energies.
For bulk PbSe, it is known that α shows pronounced peaks at
1.6 and 2.7 eV (E1 and E2 transition, respectively). As shown in
figure 8.2, in contrast with the second derivative of α, the second
derivative of µ does not reproduce these features. The 1.6 eV dip
is shifted by 50meV to higher energies, the 2.7 eV dip has van-
ished and a spurious dip appears at 4.1 eV. Hence, with bulk-like
transitions, the use of second derivative analysis of the Qdot ab-
sorption spectrum to magnify features in the absorption coefficient
is problematic and should be avoided.
The local field effect can be removed however, by a calculation
of the nanocrystal dielectric function . In the next sections, we
will show how we can obtain  from the nanocrystal absorption
coefficient µ. Although we will not aim for a second derivative
analysis of the resulting spectra, we will show that  yields valuable
information regarding the assignment of the absorption peaks, not
only with respect to the determination of their spectral position,
but also with respect to their oscillator strength.
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8.2 The Kramers–Kro¨nig relations
8.2.1 Introduction
Typically, the refractive index n and extinction coefficient k, or
equivalently the real and imaginary part of the dielectric function
, of bulk materials can be determined from a Kramers-Kro¨nig
(KK) analysis of the absorption coefficient α, measured with ab-
sorbance spectroscopy. k is directly related to α, and if k can be
determined over a wide enough spectral range, n can be calcu-
lated (section 7.2.1). However, in the case of a colloidal nanocrys-
tal suspension, matters are more complicated, as the absorption
coefficient is determined by both n and k simultaneously. In this
section, we will show how this issue is resolved, allowing for the
determination of the real and imaginary part of  and correspond-
ing n and k over the entire spectral range (from energies below
the band gap to energies far above).
8.2.2 Continuous KK-relations
The KK-relations are a consequence of causality, which in sim-
ple terms states that a system cannot respond before an input is
given. In the framework of optical properties, this implies that
the polarization of a material P cannot precede the electric field
E by which it is caused.
Both are related through the susceptibility χe: P = χeE.
A rigorous analysis, performed in the frequency domain, of
χe(ω)=χR(ω) + i χI(ω) yields following conditions for causal-
ity:
χR(ω) =
2
pi
P
∫ ∞
0
ω′χI(ω′)
ω′2 − ω2 dω
′
χI(ω) = −2ω
pi
P
∫ ∞
0
χR(ω′)
ω′2 − ω2dω
′ (8.6)
where P stands for the Cauchy principal value. In these equa-
tions, called the Kramers-Kro¨nig relations, the reality condition
is already taken into account as well. It states that, as χe(t) is
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a real function in the time domain (it connects the real physical
observables P and E), the real part of its Fourier transform χR(ω)
must be even, while the imaginary part χI(ω) must be odd.
The KK-relations can be rewritten using the dielectric function
(ω)= 1 + χe(ω):
R(ω) = 1 +
2
pi
P
∫ ∞
0
ω′I(ω′)
ω′2 − ω2dω
′ (8.7)
I(ω) = −2ω
pi
P
∫ ∞
0
R(ω′)− 1
ω′2 − ω2 dω
′ (8.8)
It is clear that if for instance I is known over the entire frequency
domain, R can be calculated from equation 8.7.
8.2.3 Discrete KK-relations
In a practical calculation of R from I using the KK-transforma-
tion, we cannot use equation 8.7. The absorbance is typically
measured over a wavelength range, not a frequency range, and
it is determined at discrete, equidistant wavelengths λi, with a
spacing ∆λ, instead of over a continuous range.
Therefore, we rewrite the KK-relations in a discrete form, and
transform them into the wavelength domain. Note that we assume
that ∆λ is much smaller than the spectral features in the absor-
bance spectrum, allowing for an adequate sampling of the data.
We will continue with equation 8.7 as we will calculate R from
I , but an analogue expression can be obtained for equation 8.8.
The discrete KK-relation reads:
R(λi) = 1 +
2
pi
∑
j 6=i
λ2i∆λ
λj(λ2i − λ2j )
I(λj) (8.9)
The summation runs from j=0 to ∞. It omits j = i, hereby
avoiding infinite values in our summation due to λi = λj . This is
equivalent to using the Cauchy principal value in the continuous
KK-relations. Considering that λi= i.∆λ and λj = j.∆λ, we can
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Figure 8.4: (a) Imaginary part of the dielectric function of
a virtual material exhibiting two Lorentz peaks. The full line
shows the continuous data, the circles represent I evaluated
at 500 discrete wavelengths. (b) Real part of the dielectric
function, calculated from the continuous KK-relations 8.7 (full
line) and the discrete KK-relations 8.10 (circles). The agree-
ment shows that the discrete KK-relations are valid, even when
taking the summation over a finite wavelength interval, when
extending it well into the transparent region (I =0).
simplify equation 8.9 into:
R(i) = 1 +
2
pi
∑
j 6=i
i2
j(i2 − j2)I(j) (8.10)
Interestingly, we obtain a generic equation stating that, if I is
known for an (in theory) infinite set of equidistant wavelengths, R
can be calculated, independent of ∆λ. We can rephrase equation
8.10 in a more convenient matrix formalism, writing R and I as
column vectors:
R = 1 +
2
pi
A.I
with Ai,j =
i2
j(i2 − j2)
Ai,i = 0 (8.11)
To demonstrate that our approach is valid, figure 8.4(a) shows
I for a virtual material, exhibiting two Lorentz peaks, plotted
on a wavelength scaling (denoted the TLP particle). On top of
the continuous data, we show the discrete data (500 data points
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are used). The continuous data are transformed using equation
8.7, the discrete data using equation 8.10, albeit that we now
consider a sum over the finite wavelength range shown in figure
8.4. As R coincides for both techniques, we can conclude that the
discrete KK-transformation indeed provides an accurate method
to calculate R. In addition, we show that the infinite sum can be
replaced by a finite one, at least when extending the wavelength
range well into the transparent region (I =0).
8.2.4 Calculation of the dielectric function:
Iterative Matrix Inversion method
Knowing how to calculate R at a given wavelength from I (known
at all other wavelengths), we now return to the expression 7.14
for the absorption coefficient, written in terms of the dielectric
function of the nanocrystal R and I , and the refractive index of
the solvent ns, at a given wavelength λi:
µ =
2pi
λins
9n4s
(R + 2n2s)2 + 2I
I (8.12)
For clarity, the index (i) is omitted, but we keep in mind that
this equation is valid at any given λi. The direct calculation of I
from µ, at N given wavelengths, requires solving 2N equations (N
given by 8.12, and N given by 8.10), N of which are of the fourth
order in R and quadratic in I .
Instead of attempting the huge task of a direct calculation of ,
we therefore develop an iterative approach to solve the problem.
The goal of the procedure is to find an I which, in combina-
tion with R calculated from the KK-relations, yields the correct
absorption coefficient µ, with ns known from independent mea-
surements.
Starting from a trial function I,0, we calculate R,0 using equa-
tion 8.10. Both then yield an initial estimate of the absorption
coefficient µ0 from equation 8.12 (obviously, µ0 6= µ). Using the
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equalities:
I = I,0 +∆I
R = R,0 +∆R (8.13)
with ∆I and ∆R the difference between the trial function and
the true values, we can then rewrite equation 8.12 into:
µ =
2pi
λns
9n4s
((R,0 +∆R) + 2n2s)2 + (I,0 +∆I)2
(I,0 +∆I)
(8.14)
A first order Taylor series expansion yields following equation:
µ
µ0
− 1 =
(
1
I,0
− 2I,0
(R,0 + 2n2s)2 + 2I,0
)
∆I
− 2
(
R,0 + 2n2s
)
(R,0 + 2n2s)2 + 2I,0
∆R (8.15)
This equation, although only correct up to a first order, is linear
in ∆I and ∆R. Using the matrix formalism, we can rewrite this
into:
M = C∆I +D∆R (8.16)
with:
Mi =
µ
µ0
− 1
Ci,i =
(
1
I,0
− 2I,0
(R,0 + 2n2s)2 + 2I,0
)
Di,i = −
2
(
R,0 + 2n2s
)
(R,0 + 2n2s)2 + 2I,0
Ci,j = Di,j = 0 (8.17)
Just as for the dielectric function , the change ∆ must obey
a similar discrete KK-relation (written in the matrix formalism):
∆R =
pi
2
A∆I (8.18)
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Figure 8.5: Schematic representation of the iterative matrix
inversion method. Starting from a trial function I,0, the di-
electric function is iteratively optimized until the calculated
absorption coefficient µk equals the experimental data.
With the matrix elements of A already defined in equation 8.11.
Combination of 8.16 and 8.18 allows us to easily calculate ∆I by
following matrix inversion:
∆I = (C +
pi
2
DA)−1M (8.19)
As already stated, due to the Taylor expansion, the corrected
trial function I,1= I,0 +∆I does not yet lead to an absorption
coefficient µ1 equal to µ. However, by iterating the procedure
outlined above, the absorption coefficient calculated at each step
µk will eventually converge to µ. The iteration is halted once the
root-mean-square error χ:
χ =
√√√√√√
N∑
i=1
(µk(i)− µ(i))2
N
(8.20)
is reduced to values below 10−6.
The iterative matrix inversion (IMI) method is summarized
in figure 8.5. We start from our trial function I,0. In the loop,
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Figure 8.6: Demonstration of the validity of the iterative
procedure. The full line represents the absorption coefficient
(a), imaginary (c) and real (d) part of the dielectric function
of the TLP particle. Starting from a trial function I,0 (dots)
exhibiting three Lorentz peaks, the iterative procedure rapidly
yields the correct values for the dielectric function (circles).
(b) Only five iteration steps are needed to reduce the error χ
to below 10−6.
I,k is used to calculate R,k from the discrete Kramers–Kro¨nig
(KK) relations. Both then yield µk, given by the MG model.
Next, we check whether µk has converged to the experimental µ
by calculating the error χ. If not, we calculate the change ∆I,k by
inverting the matrix as defined in equation 8.19 (MI) and update
I,k. We repeat the procedure until we obtain convergence.
To demonstrate the validity of this powerful approach, we cal-
culate the dielectric function of the TLP particle, starting from a
trial function I,0 consisting of three Lorentz peaks (figure 8.6).
µ is calculated from I and R, assuming that the particle is sus-
pended in air (with a constant refractive index ns=1). As shown
in figure 8.6(b), the procedure already yields the correct dielectric
function after only five iterations.
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Figure 8.7: Imaginary part (a) and real part (b) of the di-
electric function of the TLP particle plotted for the subsequent
steps of the iterative procedure. The spurious middle peak
rapidly vanishes, while the left and right peaks converge to-
ward the correct values.
Figure 8.7 shows the evolution of the dielectric function at dif-
ferent iteration steps for a slightly modified procedure. In this
case, ∆I is divided by two after each step to slow down the con-
vergence and provide a more detailed view of the optimization pro-
cess. Figure 8.7(a) clearly shows how the spurious middle peak is
removed, and how the left and right peaks rapidly converge toward
the correct value.
8.3 Application to lead chalcogenide nano-
crystals
The previous section has made it clear that the dielectric function
of colloidal semiconductor particles in a Maxwell-Garnett geome-
try can be calculated, once the absorption coefficient µ is known
from λ=0nm to wavelengths extending well beyond the band gap
onset.
In this section, we will first show how to define µ for colloidal
PbS, PbSe and PbTe nanocrystals over the entire spectral range.
Then we discuss the results of our iterative matrix inversion (IMI)
calculations of the dielectric function .
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Figure 8.8: Experimental values for the imaginary (cir-
cles) and real (dots) part of the dielectric function for bulk
PbSe,26,29 together with the fitted curves (full line). The E0,
E1, E2 and E3 are indicated (gray lines).
8.3.1 Optical properties of bulk lead chalcogenides
Experimental values for the bulk dielectric function of PbS33,
PbSe26,30 and PbTe38 are given up to an energy of 5.4 eV. They
are fitted with a model which takes four transitions (E0, E1, E2
and E3) into account. Higher lying transitions (E4, E5, ...) are
not observed in this spectral range, and therefore not included in
the fit. However, these transitions still contribute to the real part
of the dielectric function in the spectral range measured. A con-
stant term ∞ is therefore added to the fit (PbSe: ∞ = 1.5; PbS,
PbTe: ∞ = 1.7).
As an example, figure 8.8 shows the experimental data for
PbSe, together with the fitted model. PbS and PbTe show similar
spectra due to the similar band structure. The dielectric function
yields, together with the refractive index of CCl4 or C2Cl4,27 the
absorption coefficient µ of lead chalcogenide particles in an MG
geometry (according to equation 7.14). In the wavelength range
0–250 nm, where no experimental data are available, we use the ex-
trapolation of the fitted model, multiplied with a small correction
factor to ensure continuity of the dielectric function.
The combination of both experimental and fitted values there-
fore allows us to define µ for bulk lead chalcogenides over the entire
spectral range, from λ=0nm to wavelengths beyond the band gap
onset.
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8.3.2 Expansion of the nanocrystal absorption coef-
ficient
For the colloidal nanocrystals, µ is determined experimentally
from 400 nm to wavelengths well into the transparent region by
the absorbance spectrum of a particle suspension (Q-PbSe are
suspended in CCl4, Q-PbS and Q-PbTe are suspended in C2Cl4).
To reduce the number of data points, we use ∆λ=4–10 nm. For
wavelengths below 400 nm, we extend the absorption coefficient
by using bulk values for the dielectric function and calculating
µ from equation 8.12, as we have already demonstrated that the
nanocrystal optical properties are equal to bulk material in this
spectral region. Between 400 and 250 nm, experimental data for 
are used; the values in the range 0–250 nm are obtained from the
extrapolation of the fit to .
In the wavelength range 0–400 nm, ns merely serves to calcu-
late µ from the known bulk dielectric function (equation 8.12) and
need not correspond to experimental values. This can conveniently
be exploited to overcome a practical problem when using the IMI
method. Taking a more detailed look at the coefficients Cii in
equation 8.17, we notice that Cii ≈ 0 when R,0 + 2n2s ≈±I,0.
This will lead to a singular matrix, which cannot be inverted. For
lead chalcogenides, this can indeed occur in the 0–300 nm range
when using small ns (typically ns≈ 1–2). However, by strongly
increasing ns, the singularity is easily avoided and convergence of
the IMI method is ensured. Practically, in the range 0–250 nm
(0–300 nm for PbTe) we set ns=30. At longer wavelengths, ex-
perimental values of ns are used.
Figure 8.9 shows the resulting absorption coefficient of bulk
PbS and a typical Q-PbS suspension in C2Cl4. The discontinu-
ity at short wavelengths is due to the sudden increase of ns to
30; in the range 0–400 nm both spectra coincide because bulk val-
ues are used to extend the Q-PbS absorption coefficient to these
short wavelengths. The figure shows that, by the methods outlined
above, µ is obtained over the entire spectral range of interest.
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Figure 8.9: Bulk PbS absorption coefficient (gray), obtained
from interpolating the experimental values in the range 250–
4000 nm and extending it to 0–250 nm by the fit to the bulk
dielectric function. The discontinuity at 250 nm is due to the
sudden increase of ns to 30. The Q-PbS absorption coefficient
(black) is given by experimental values from 400 nm on. The
data are extended to the range 0–400 nm by using bulk values.
8.3.3 IMI calculation for bulk PbS and PbTe
In accordance with the inclusion of ∞ in the analysis of the bulk
dielectric function, the discrete KK relation 8.11 is slightly ad-
justed for the practical calculation of , to account for the higher
lying transitions:
R = ∞ +
2
pi
A.I (8.21)
First, to demonstrate again the validity of our approach, the
absorption coefficient µ of PbS and PbTe is calculated from an
interpolation of the dielectric function (∆λ=4nm) and the C2Cl4
solvent refractive index (see figure 8.9 for µPbS). Next, I and R
are calculated using the IMI method, starting from a trial function
equal to the experimental I . Figure 8.10 shows the result of the
calculation. A calculation for PbSe is not attempted due to a large
gap in the experimental data between 1100 and 2500 nm (figure
8.8). Numerical instabilities still persist to some extent in our
calculations, therefore, if necessary, we reduced the ∆I values
obtained after each step to maintain convergence.
The calculated values (full line) agree well with the experi-
mental data (dots). Note that, as the experimental R and I
are obtained independently from each other, their values are not
required to uphold the KK-relations, while our calculated result
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Figure 8.10: Experimental dielectric function (dots) super-
imposed on the result from the IMI calculation (full line) for
bulk PbS (a) and PbTe (b). The calculated results agree well
with experimental values, demonstrating the validity of our
approach.
must obey the KK-relations by definition. An exact match of both
datasets is therefore not expected, and we can conclude that our
method yields accurate results, even for practical examples such
as bulk lead chalcogenides.
8.3.4 Results on colloidal nanocrystals
The dielectric function of colloidal lead chalcogenide nanocrystals
is calculated from µ, as defined in section 8.3.2, starting from
a trial function equal to the experimental I of their respective
bulk material. Figure 8.11 shows the results for typical Q-PbS
(a), Q-PbSe(b) and Q-PbTe (c). In contrast with the absorbance
spectrum, spectra of I now allow for a clear view of all optical
transitions, due to the removal of the local field effect. In addition,
R-spectra now also provide further insight into the nanocrystal
optical properties. We observe strong anti-resonances around all
exciton transitions, demonstrating a strong modulation of R due
to the sharp nanocrystal absorption peaks. In addition, around
the band gap transitions, nanocrystal values for R are comparable
to bulk values in the case of PbS and PbTe (dots). PbSe data in
this spectral range are not available, and therefore not included,
yet a similar behavior is expected. The agreement validates our
approach to use the bulk refractive index around the band gap to
calculate the oscillator strength in sections 7.4.2 and 7.5.3.
147
VIII. Dielectric function
60
40
20
0
-20
e
I
 
,
 
e
R
25002000150010005000
Wavelength (nm)
(c)
e
I
e
R
40
30
20
10
0
-10
e
I
 
,
 
e
R
25002000150010005000
Wavelength (nm)
(b)
e
I
e
R
30
20
10
0
-10
e
I
 
,
 
e
R
25002000150010005000
Wavelength (nm)
(a)
e
I
e
R
6
5
4
3
2
1
0
k
 
,
 
n
25002000150010005000
Wavelength (nm)
(d)
k
n
Figure 8.11: Imaginary and real part of the dielectric func-
tion of typical PbS (a), PbSe (b) and PbTe (c) nanocrystals
(full line). For PbS and PbTe, the bulk R is also shown (dots).
PbSe data are not shown due to the limited available spectral
range. (d): The Q-PbSe extinction coefficient k and refractive
index n, calculated from the dielectric function shown in (b).
The Q-PbSe refractive index and extinction coefficient spectra
are shown in figure 8.11(d). They are calculated from the dielectric
function shown in figure 8.11(b). Similar to the dielectric function,
sharp peaks in the k-spectrum lead to distinct anti-resonances in
the n-spectrum.
A more quantitative understanding of quantum confinement
effects on R in this spectral region follows from the calculation
of the dielectric constant 0, in our framework defined as the real
part of the dielectric function at energies far below the band gap
transition. In literature, it is somewhat confusingly referred to as
the high frequency, or optical dielectric constant and labeled ∞,
in order to discriminate it from the static dielectric constant (at a
frequency ω = 0).
0 can be calculated from I using the static-limit sum rule:
0 = ∞ +
2
pi
∫ ∞
0
I(ω)
ω
dω (8.22)
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Figure 8.12: Optical dielectric constant 0. We observe no
size-dependence for Q-PbS (open circles), Q-PbSe (open dia-
monds) and Q-PbTe (open squares) nanocrystals, and the av-
erage value (full lines) agrees, within experimental error, with
the respective bulk values (closed symbols).
Written in a discrete version, in accordance to equation 8.9 (again
valid for discrete, equidistant I -values), we obtain:
0 = ∞ +
2
pi
N∑
i=1
I
i
(8.23)
Figure 8.12 shows the results for Q-PbS (open circles), Q-PbSe
(open diamonds) and Q-PbTe (open squares), plotted as a func-
tion of their respective band gap energy. Interestingly, we ob-
serve no significant size-dependence and values are comparable
to the respective bulk values (closed symbols). Averaged over
all samples, we find: 0,PbS=16.2± 1.4, 0,PbSe=20.8± 2.8 and
0,PbTe=33.3± 3.1.
These results are somewhat surprising. Comparable literature
data are scarce, especially on an experimental level, but theoretical
studies on the dielectric constant of silicon nanocrystals suggest
that 0 decreases with decreasing particle size.39,40 In contrast, for
lead chalcogenide nanocrystals we find a constant value, within
experimental error equal to bulk data, suggesting that 0 is not
influenced by quantum confinement.
Shifting our attention to the imaginary part of the dielectric
function, figure 8.13 compares the bulk I (dots) with three typi-
cal Qdot I -spectra of varying size (full lines). Effects on the band
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Figure 8.13: Imaginary part of the dielectric function I for
three nanocrystal sizes (full lines) superimposed on bulk data
(dots) in the case of Q-PbS (a), Q-PbSe (b) and Q-PbTe (c).
Focusing on the E1 and E2 transitions, we observe that E2 is
size-independent, while E1 is clearly blue shifted for all three
materials. In addition, for Q-PbSe we observe an increase of E1
with respect to E2, an effect which is even more pronounced
in the case of Q-PbTe. The expansion of Qdot absorption
coefficient by bulk values (0–400 nm), is indicated by a gray
zone.
gap transition have already been addressed in chapter VII; here
we focus on the E1 and E2 transitions. As has already been sug-
gested by the analysis of the absorption coefficient, the oscillator
strength and spectral position of the E2 transition show no con-
finement effects, as all Qdot E2-peaks are comparable to bulk for
all three materials. A slight increase and red shift is observed for
the smallest Q-PbSe (figure 8.13(b)), but this might be due to the
merging of the E1 and E2 transition.
In contrast, we observe strong quantum confinement effects in
all three lead chalcogenides for the E1 transition. In the case of
Q-PbS, the transition shifts to shorter wavelengths with decreas-
ing nanocrystal size. In the case of Q-PbSe, the results suggest
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that the blue shift is accompanied by an increase of the oscillator
strength of the E1 transition with respect to the E2 transition.
This effect is even more pronounced in the case of Q-PbTe, where
the E1 transition clearly increases as the particle size decreases.
The results presented here agree with experimental and the-
oretical data on the dielectric function of 2D PbSe nanocrystals,
electro-deposited on gold surfaces, where a blue shift and relative
increase of the E1 transition with decreasing nanocrystal height
has also been observed.41
8.4 Conclusions
Following the results of chapter VII, we discuss the problems with
regard to the interpretation of the absorbance spectrum of a na-
nocrystal spectrum, emphasizing that assignment of absorption
peaks by the use of second derivative analysis is not straightfor-
ward, due to the local field factor.
This effect is removed however by calculating the nanocrystal
dielectric function. The Maxwell-Garnett model inhibits a direct
calculation, as the local field factor gives rise to a fourth-order
equation relating the absorption coefficient to the dielectric func-
tion. To resolve this problem, we develop an elegant, yet powerful
iterative procedure (the IMI method). We verify the validity by
the calculation of the dielectric function of a virtual material con-
sisting of two Lorentz oscillators, and bulk PbS and PbTe.
The dielectric function of Q-PbS, Q-PbSe and Q-PbTe yields
several new insights in the optical properties of colloidal quan-
tum dots. First, the real part of the dielectric function shows
strong anti-resonances around the band gap, due to sharp exciton
absorption peaks. The magnitude of the slowly evolving back-
ground however, is comparable to bulk. This is confirmed by the
calculation of the optical dielectric constant. The values for the
nanocrystals are equal to bulk for all three materials, suggesting
that quantum confinement has no influence on 0.
Second, we observe strong quantum confinement effects for the
imaginary part of the dielectric function. The blue shift and os-
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cillator strength of the band gap transition have already been dis-
cussed in chapter VII. Here, we focus on the higher lying E1 and
E2 transitions. The E2 transition shows no influence of quantum
confinement, in accordance with the observation that the absorp-
tion coefficient is equal to bulk in this spectral region. The E1
transition however, shows a clear blue shift with decreasing na-
nocrystal size for all three lead chalcogenides. In addition, for
Q-PbSe we observe an increase of the E1 oscillator strength with
respect to the E2 transition, an effect even more pronounced in
the case of Q-PbTe.
Although more theoretical and experimental work will be nec-
essary to completely clarify the full extent of quantum confinement
effects on the optical properties of colloidal nanocrystals, the re-
sults presented here provide a major step forward, as until now, it
has been difficult to access the dielectric function experimentally,
especially at energies around the band gap. In addition, the IMI
method presented here is not limited to colloidal semiconductor
nanocrystals; it can be applied to any suspension for which the
MG model is valid, providing a powerful calculation of the optical
properties from a straightforward measurement of the absorbance
spectrum.
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Chapter IX
Nonlinear optical properties of
colloidal lead chalcogenide
nanocrystals
9.1 Introduction
In chapters II and III we have already shown that colloidal na-
nocrystals possess a high photo-luminescence efficiency, making
them attractive candidates as light sources in biological applica-
tions,42,43 or in LED’s44,45 or lasers1–3. However, other applica-
tions might benefit from yet another promising property.
All-optical signal processing46,47 (spectral filtering, optical
switching, etc.) requires materials with a large third-order nonlin-
ear susceptibility χ(3), or equivalently a large third-order nonlinear
refractive index n2 (also called Kerr nonlinear refractive index).
At telecom wavelengths (1.55 µm), silicon has only a small n2 48
(table 9.1), so it is not very suitable to achieve a strong optical
Kerr effect. To overcome these problems and implement all-optical
devices on a Si platform, a hybrid approach will therefore be most
efficient, in which materials with a strong n2 are integrated with
Si devices. In this chapter, we will show that a promising class of
materials consists of colloidal nanocrystals.
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n2 β FOM
material 10−13 cm2/W cm/GW n2/(λβ)
Fused Silica 0.0027 – –
Semiconductors
Si 0.45 0.79 0.37
GaAs 1.59 10.2 0.1
AlGaAs 1.75 0.35 3.2
Chalcogenide glasses
As2Se3 1.3 0.4 2
Ge33As12Se55 1.5 0.4 2.4
Table 9.1: The nonlinear refractive index n2, the TPA ab-
sorption coefficient β and figure of merit FOM for typical ma-
terials, measured around λ=1.55µm.
9.2 Optical nonlinearities in semiconduc-
tors
In bulk semiconductors, the nonlinear refractive index at wave-
lengths close to the band gap arises from the saturation of inter-
band transitions.49–51 With increasing optical intensity I0, pho-
ton absorption populates the band edge states with an increasing
number of electrons, leading to a decrease in absorption coeffi-
cient. As we have already demonstrated in chapter VIII, a change
in absorption is accompanied by a change in refractive index due
to the KK-relations. In this case, the decrease in absorption co-
efficient with increasing I0 leads to a change in refractive index
δn = n2I0, usually of negative sign.
At energies below the band gap, the material is transparent
in the linear regime. With increasing I0 however, the simulta-
neous absorption of two photons can occur. This change in ab-
sorption also leads to a nonlinear refractive index. Sheik-Bahae et
al. have derived a material-independent expression showing that
two-photon absorption (TPA) leads to a positive n2 at photon
energies equal to half the band gap energy.52,53 As the photon en-
ergy increases, n2 decreases and eventually changes sign when the
photon energy approaches the band gap energy. It is also shown
that materials with a smaller band gap typically have higher non-
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Figure 9.1: (a) Extinction coefficient k and refractive index
n for typical Q-PbSe (black). When decreasing the first ab-
sorption peak to 50% (partial bleaching, dark grey) or to 0%
(complete bleaching, light gray), the anti-resonance observed
for n disappears. (b) Consequently, a strong anti-resonance
is observed for the change in refractive index δn, increasing
to a maximal value of ±0.3 when the first peak is completely
bleached.
linear optical properties. Table 9.1 lists values of n2, the TPA
absorption coefficient β and corresponding figure of merit FOM,
measured around λ=1.55 µm, for typical bulk materials used for
telecom applications.48,54–56
For semiconductor nanocrystals, a similar behavior is ex-
pected. Quantum confinement effects however, are expected to
significantly enhance the optical nonlinearities.57 For instance,
as the number of electrons which can populate the first discrete
quantum dot energy level (eight in the case of lead chalcogenide
nanocrystals) is much smaller than in bulk, we expect a significant
reduction of the optical saturation intensity. In addition, due to
the sharp absorption peak at the band gap, the KK-relations
predict a strong anti-resonance for δn when absorption saturation
occurs (figure 9.1), yielding a negative n2 at energies just below
the band gap, and a positive n2 at energies just above.
At energies around half the band gap, two-photon absorption
and the associated nonlinear refractive index have also already
been reported for colloidal nanocrystals58–60 and semiconductor
doped glasses61. However, measurements are not always consis-
tent, so theoretical insights are yet to be improved.
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Figure 9.2: (a) Schematic representation of the Z-scan setup
(see text). (b) Far away from the laser beam focal point, the
optical intensity is too low to induce nonlinear effects (black
lines). Near the focus, at pre-focal positions, the sample acts
as a thin lens, inducing an extra beam divergence in the case
of a negative n2 (grey lines). This leads to an increased on-axis
intensity.
9.3 The Z-scan technique
9.3.1 Theory
The Z-scan technique, developed by Sheik-Bahae,20 has a distinct
advantage over other experimental methods to study optical non-
linearities. It makes use of a single beam and therefore requires
no careful alignment of multiple laser beams, commonly used in
pump-probe or four-wave mixing experiments. It is widely applied
to study the nonlinear optical properties of bulk semiconductors
and colloidal nanocrystal suspensions and thin films.20,52,53,58–61
In a typical setup (figure 9.2(a)), a laser beam of Gaussian
spatial profile is guided toward a lens L1 (using for instance a
mirror M1), which creates a focused Gaussian beam. To ensure
that the laser intensity is stable during the measurement, a small
fraction is reflected at beam splitter BS1 and monitored at de-
tector D1. The linear stage LS translates the sample S along
the z-axis (hence the name of the technique) through the focus
of the Gaussian beam. During the translation, a fraction of the
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total beam intensity (TBI) is reflected at beam splitter BS2 and
measured with detector D2, while the on-axis intensity (OAI) is
measured in the far field of the laser beam with a small aperture
A and detector D3. The input intensity is varied using a variable
neutral density filter NDF .
Assuming that the nonlinear sample is centro-symmetric (no
second-order optical nonlinearities due to symmetry), and only
possesses third-order nonlinear effects, the refractive index n and
absorption coefficient α depend on the optical intensity I as:
n = n0 + n2.I
α = α0 + β.I (9.1)
With n0 and α0 the linear refractive index and absorption coeffi-
cient, respectively, and n2 and β the third-order nonlinear refrac-
tive index and absorption coefficient, respectively.
Due to this nonlinearity, the sample acts as a thin, intensity
dependent lens in the setup (figure 9.2(b)). Far away from the
laser beam focal point, optical intensities are too low to induce a
lensing effect. However, taking the case of a negative n2, it will
induce an extra defocusing of the laser beam at high intensities,
i.e. near the beam focal point. Furthermore, in the presence of
two-photon absorption, the optical intensity will also be reduced
near the focal point.
These effects make it clear that a simultaneous measurement
of the on-axis intensity (OAI) and the total beam intensity (TBI)
allows for a calculation of n2 and β. Figure 9.3 shows a simulated
result of a typical Z-scan measurement, in the case of a negative
n2 and two-photon absorption. Far away from the focus (located
at z=0), optical intensities are too low to induce nonlinear ef-
fects. Therefore, both the normalized OAI (black curve) and TBI
(gray curve) are independent of sample position. Near the focus
however, at pre-focal positions (z ≤ 0), the defocusing due to n2
increases the OAI, while it leads to a decrease of the OAI at post-
focal positions (z ≥ 0). In addition, two-photon absorption yields
a dip in the TBI near the focus.
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Figure 9.3: Simulated Z-scan traces. In the case of a negative
n2, the OAI shows an anti-resonance with a peak-valley shape
(black curve). For n2 > 0, the anti-resonance would have a
valley-peak shape. The TBI shows a dip near the focus in
the case of two-photon absorption (gray curve). A peak would
indicate absorption saturation.
9.3.2 Laser beam characterization
The qualitative description of the Z-scan measurement already
stresses the importance of a proper beam characterization. Non-
linear effects occur only near the focus, and depend on the optical
intensity.
A focused Gaussian beam is spatially characterized by two
parameters: the beam waist w0 (the beam radius at the focus),
defined by the radius of the beam at an intensity equal to 1/e2
of the maximal intensity, and the corresponding Rayleigh length
zR, defined by the distance from the waist where the beam radius
is enlarged by a factor
√
2. For a Gaussian beam, at a given
wavelength λ, both are related through:
zR =
piw20
λ
(9.2)
We determine w0 and zR with a beam profiler. The beam
radius w is plotted as a function of z-position, and fitted with:
w(z) = w0
√
1 +
(
z
zR
)2
(9.3)
Figure 9.4 shows a typical result, for a Gaussian beam at
λ=1550 nm. The resulting beam waist w0=53 µm and Rayleigh
length zR=5.8mm indeed obey relation 9.2.
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Figure 9.4: Measured beam radius for the pritel laser at
1550 nm (dots). From the fit (full line), we determine a beam
waist of 53 µm and Rayleigh length of 5.8mm.
Another important characteristic is the laser beam on-axis
power density at the focus I0 (also called the optical intensity). I0
refers to the maximal power density achieved during a laser pulse.
In our experiments (table 9.2), we either use a ν=82MHz pulsed
laser with τp≈ 90 fs pulse duration (opal laser) or a ν=10MHz
pulsed laser with τp≈ 2.5 ps pulse duration (pritel laser). The
pulses have a sech2 temporal profile for the opal laser, and a Gaus-
sian temporal profile for the pritel laser.
At the focus, the pulse intensity of a sech2 pulse can be written
as (with r the radial and t the temporal coordinate):
I(r, t) = I0 exp(
−2r2
w20
) sech2(
t
τp
) (9.4)
Integrating this equation over spatial and temporal coordinates,
and taking the pulse repetition rate ν into account, I0 can be
related to the average power of the laser P :
I0 =
P
ντppiw20
(9.5)
laser ν τp range
opal 82MHz 90 fs 1200–1350 nm
1540–1750 nm
pritel 10MHz 2.5 ps 1530–1555 nm
Table 9.2: The repetition rate ν, pulse duration τp and spec-
tral range of both lasers that we use for the Z-scan experiments.
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An analogue expression can be derived for the Gaussian shaped
pulses:
I(r, t) = I0 exp(
−2r2
w20
) exp(
−t2
τ2p
) (9.6)
Here we find:
I0 =
2√
pi
P
ντppiw20
(9.7)
The laser pulse duration τp is determined with an optical auto-
correlator. Knowing τp, we can then calculate I0 from the mea-
sured average laser power P .
9.3.3 Derivation of n2 and β from the Z-scan
A calculation of n2 and β starts from the differential equations
which describe the attenuation and phase change of an electric
field E(z′, r) as it passes through a nonlinear sample with length
L (the optical intensity equals I(z′, r)= |E(z′, r)|2).20 The coordi-
nate z′ describes the distance that the light has traveled through
the sample (z′=0 equals the position where the light enters the
sample), not to be confused with the z-coordinate used for the po-
sition of the sample along the axis of the focused laser beam. For
simplicity, we will assume that the sample only possesses a third-
order nonlinearity. We will also assume that the sample length L
is much smaller than the Rayleigh length (L  zR, thin sample
approximation).
∂I(z′, r)
∂z′
= −α0I(z′, r)− βI(z′, r)2 (9.8)
∂φ
∂z′
=
2pin2
λ
I(z′, r) (9.9)
Defining the input intensity I(0, r)= Iin, and defining an effective
sample length:
Leff =
1− exp(−α0L)
α0
(9.10)
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The differential equations yield the electric field at the exit plane
of the sample:
Eex(z, r) = E(z, r) exp(−α0L2 )(1 + βIinLeff )
((i2pin2)/(λβ)−1/2)
(9.11)
The intensity at the exit plane is consequently given by:
Iex = Iin
exp(−α0L)
1 + βIinLeff
(9.12)
We can write the input intensity Iin as a function of the beam
radius at position z:
Iin =
I0w
2
0
w(z)2
exp(− 2r
2
w(z)2
) (9.13)
with I0 the on-axis optical intensity at the focus. Using the fol-
lowing substitutions: q = βI0Leff and x = z/zR, and integrating
over the spatial coordinate r, we find following normalized TBI
trace:
TTBI(x) =
Iex
lim
I0→0
Iex
=
(1 + x2)
q
ln(1 +
q
1 + x2
) (9.14)
This allows us to determine q, and therefore the nonlinear absorp-
tion coefficient β, from a fit to the TBI trace.
Knowing how to calculate β, we now return to equation 9.11.
When neglecting the contribution of β in this equation, we obtain
following electric field at the exit plane of the sample:
Eex(z, r) = E(z, r) exp(−αL2 ) exp(i
2pin2IinLeff
λ
) (9.15)
In principle, a zeroth order Hankel transform of Eex allows us
to calculate the electric field Eap at the position of the aperture
(located at a distance d from the laser beam focal point). From Eap
the OAI trace can be determined. However, this requires extensive
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numerical calculations. The problem is revolved by decomposing
Eex into a series of Gaussian components. The Hankel transform
of a Gaussian beam can be solved analytically. Taking equation
9.13 into account, Eex is expanded into:
Eex(z, r) = E(z, r) exp(−αL2 )
∞∑
m=0
Fm exp(− 2mr
2
w(z)2
)
Fm =
1
m!
(
i
2pin2I0Leffw20
λw(z)2
)m
(9.16)
Fm can be simplified by defining the on-axis phase shift at the
focus ∆φ0:
∆φ0 =
2pin2I0Leff
λ
(9.17)
Using the Hankel transform for a Gaussian beam, the electric field
at the aperture, evaluated at r=0 (as we are only interested in
the on-axis intensity), is given by:
Eap(d, 0) = E(z, 0) exp(−αL2 ).
∞∑
m=0
(
i∆φ0w20
w(z)2
)m
w0,m(1 + 2iαm)
m!wm
√
1 + αm
(9.18)
w20,m =
w(z)2
1 + 2m
αm =
(1 + d/R(z))dm
d
wm = w0,m
√(
1 +
d
R(z)
)2
+
(
d
dm
)2
dm =
pi(1 + 2m)
λw(z)2
R(z) = z
(
1 +
z2R
z2
)
As we measure the OAI far away from the laser beam focus, the
approximation d  z, zR allows us to simplify the equation into
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following normalized OAI (using x= z/zR):
TOAI(x) =
Iap
lim
I0→0
Iap
(9.19)
= (1 + x2)
∣∣∣∣∣
∞∑
m=0
(i∆φ0)m(2m+ 1 + ix)
m!(1 + x2)m((2m+ 1)2 + x2)
∣∣∣∣∣
2
For practical calculations, we limit ourselves to an approximation
up to the third order in ∆φ0:
TOAI(x) = 1 +
4x
(x2 + 1)(x2 + 9)
∆φ0 (9.20)
+
4(3x2 − 5)
(x2 + 1)2(x2 + 9)(x2 + 25)
∆φ20
+
32x(x2 − 11)
(x2 + 1)3(x2 + 9)(x2 + 25)(x2 + 49)
∆φ30
Simulations show that the first order approximation is valid up to
∆φ0 ≈ 0.2, the second order up to ∆φ0 ≈ 1 and the third order up
to ∆φ0 ≈ 1.75. Equation 9.20 allows to determine ∆φ0 from a fit
to the OAI trace, after which n2 can be calculated using equation
9.17.
9.3.4 Practical calculations
The OAI is derived in the limit r=0 (true on-axis intensity). In
practical measurements however, the finite aperture size has to be
taken into account. This reduces the measured ∆φ0 by a factor
(1− S)0.25, with S given by:20
S = 1− exp
(
−2r
2
a
w2a
)
(9.21)
with ra the aperture radius and wa the beam radius at the aperture
plane. Consequently, in equation 9.17, ∆φ0 has to be replaced by
∆φ0/(1− S)0.25.
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In case of a fast nonlinear effect, we have to take the temporal
shape of the pulse into account as well. Weaker optical intensi-
ties at the start and end of the pulse lead to a reduction of the
measured nonlinear phase shift ∆φ0. As we calculate n2 from
the maximal optical intensity at the focus I0, we will therefore
underestimate n2, unless it is multiplied by a pulse shape factor,
amounting to 3/2 for a sech2 pulse, and
√
2 for a Gaussian pulse.
9.3.5 Thermal effects
When performing Z-scan measurements on a light-absorbing ma-
terial, the absorbed energy can be converted to heat. The cor-
responding increase in absolute temperature T (K) of the sample
leads to a change in refractive index:
n(T ) = n0 +
dn
dT
T (9.22)
with dn/dT the thermo-optical coefficient. In the center of the
laser beam, the higher optical intensity leads to a stronger in-
crease in temperature than at the edges of the laser beam. Taking
heat diffusion throughout the material into account, a steady state
(spatial) temperature profile will develop at t  tc, with tc the
characteristic profile buildup time:
tc = w(z)
Cpρ
4κ
(9.23)
Cp equals the heat capacity of the sample, ρ the density and κ
the thermal conductivity. Due to the thermo-optical coefficient,
the refractive index will follow the temperature profile, leading
to a thermal lensing effect (similar to the electronic lensing effect
described above).62
The resulting OAI will therefore also show an anti-resonance.
Taking only linear absorption into account, i.e. neglecting nonlin-
ear processes such as two-photon absorption, the thermal OAI can
be described by:
TOAI,th(x) = 1 + θ arctan
(
2x
x2 + 3
)
(9.24)
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sample material size (nm) λ0 (nm) c0 (µM) solvent laser
A Q-PbSe 5.8 1693 0.33 CCl4 opal
B Q-PbSe 5.2 1555 0.57 CCl4 opal
C Q-PbSe 3.6 1245 1.37 CCl4 opal
D Q-PbSe 5.0 1525 0.45 C2Cl4 pritel
E Q-PbS 6.5 1643 0.53 C2Cl4 pritel
F Q-PbS 6.1 1584 0.53 C2Cl4 pritel
G Q-PbS 5.9 1541 0.67 C2Cl4 pritel
H Q-PbS 5.5 1471 0.80 C2Cl4 pritel
I Q-PbS 5.0 1385 0.79 C2Cl4 pritel
Table 9.3: Summary of the different samples used for the Z-
scan experiments. λ0 denotes the spectral position of the first
absorption peak and c0 the sample concentration.
The equation is valid for a small thermal lens strength θ, given by:
θ =
α0LP
λκ
dn
dT
(9.25)
As expected, at a given wavelength λ, θ increases with the sample
absorption α0L and the average input power P . It is inversely
proportional to κ, as a larger conductivity leads to a more rapid
heat dissipation.
9.4 The n2-spectrum of lead chalcogenide
nanocrystals
9.4.1 Introduction
For our study of the nonlinear refractive index of colloidal lead
chalcogenide nanocrystals, we prepare four Q-PbSe and five Q-
PbS samples. Their properties are summarized in table 9.3. Sam-
ple concentrations are optimized to obtain a clearly measurable
nonlinear phase shift ∆φ0, while still keeping its value low enough
for the fit (equation 9.20) to be applicable (∆φ0 < 1.75). We use
a L=1mm optical cell for the measurements, satisfying L zR.
The Qdots are suspended in CCl4 or C2Cl4. Z-scan traces recorded
for the CCl4 and C2Cl4 solvent show flat traces both for the TBI
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Figure 9.5: Typical experimental OAI and TBI traces (red
curves, the TBI is offset for clarity). The TBI remains flat,
indicating that nonlinear absorption falls below the detection
threshold. The OAI shows a strong anti-resonance for both
sample A (a), measured with the opal, at λ=1640 nm, and
sample G (b), measured with the pritel, at λ=1550 nm. The
traces are fitted (black) with a sum of equation 9.20 (dashed
line) and 9.24 (dotted line), demonstrating that both electronic
and thermal nonlinearities are present.
and OAI, confirming their small nonlinear refractive index and
absence of nonlinear absorption.
Typical Z-scan traces for the quantum dot suspensions are
shown in figure 9.5. The TBI trace remains flat, which means that,
due to the low concentration, nonlinear absorption falls below the
detection threshold for these samples. The OAI traces however
have a strong peak-to-valley anti-resonance, indicating a strong
and negative n2. The traces are fitted with a sum of equation 9.20
and 9.24, as, next to the presence of electronic nonlinearities, the
sample absorbance apparently induces a thermal lens.
9.4.2 Femtosecond pulsed excitation
The n2 for samples A–C are determined using the opal laser, in
wavelength intervals of 1200–1350 and 1540–1750 nm, using an
optical intensity I0=12MW/cm2. The choice of samples ensures
that we cover a spectral range from full transparency up to the sec-
ond exciton transition. The results are plotted in figure 9.6(a). In
the n2-spectrum of sample A, we see two bell-shaped resonances,
comparable in width to the exciton peaks of the absorbance spec-
trum, but somewhat blue shifted. Measurements on sample B and
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Figure 9.6: (a) n2-spectra of samples A–C, superimposed
on the respective absorption coefficient of the suspension. We
observe bell-shaped resonances, strongly correlated with the
absorption spectrum. (b) n2 increases linearly with the Q-
PbSe volume fraction (sample A). From the fit, we determine
an intrinsic n2= -7 10
−7 cm2/W.
sample C yield similar results. For sample C, we also observe a cur-
rently unexplained small peak around 1700 nm. A measurement
of the absorbance spectrum after the Z-scan experiments shows
that the blue shift of the n2-spectrum is not due to oxidation of
the Q-PbSe nanocrystals, as samples B and C are stable (no blue
shift of the absorption peak), while the 46 nm blue shift observed
for sample A is not sufficient to completely account for the blue
shift of the n2-spectrum.
The correlation between the n2-spectrum and the absorption
spectrum already indicates that the electronic nonlinear refrac-
tive index is indeed related to transitions between the discrete
quantum dot energy levels. Its values can therefore be optimized
at any NIR wavelength by choosing the appropriate Q-PbSe size.
Maximal n2-values correspond to -3 to -4 10−11 cm2/W for ca.
1 µM suspensions, exceeding typical bulk values (table 9.1) at these
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wavelengths by two orders of magnitude.
As the measured n2 pertains to (dilute) Q-PbSe suspensions,
its value depends on the Q-PbSe volume fraction f (figure 9.6(b)):
n2,eff = fn2,P bSe (9.26)
Determination of n2 for different concentrations of sample A
at λ = 1640 nm yields an intrinsic nonlinear refractive index
n2,P bSe=- 7 10−7 cm2/W.
9.4.3 Picosecond pulsed excitation
We obtain similar results for samples D–I (figure 9.7), us-
ing the pritel laser in a wavelength interval 1530–1555 nm at
I0=4MW/cm2. The n2-values are again clearly correlated with
the nanocrystal absorption coefficient. Comparing the Q-PbSe
samples A–C with sample D, we find similar n2 values using
femtosecond and picosecond pulsed excitation. To compare the
results of Q-PbSe and Q-PbS under picosecond pulsed excitation,
the figure of merit (FOM)
FOM =
n2I0
λα0
(9.27)
is a more suitable parameter, as it is a material property, indepen-
dent of the nanocrystal volume fraction. The FOM reflects the
maximal nonlinear phase shift which can be achieved when light
propagates through a sample, before absorption reduces its inten-
sity too much for nonlinear effects to occur. For Q-PbSe sample D
we find an average FOM=3.9± 0.3. For the Q-PbS samples E–I,
averaged over all samples and measurements, we find a compara-
ble FOM=3.2± 0.8. These values are comparable to the FOM
of AlGaAs and exceed all other materials from table 9.1, demon-
strating that colloidal lead chalcogenide nanocrystals are efficient
nonlinear materials.
9.4.4 Thermal nonlinearities
Figure 9.8 shows the thermo-optical coefficient dn/dT obtained
for Q-PbSe sample B (opal laser) and Q-PbS sample G (pritel
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Figure 9.7: n2-spectra around 1550 nm under picosecond
pulsed excitation (offset for clarity). (a) n2 is again correlated
with the Q-PbSe absorption spectrum (sample D). (b) From
bottom to top: Q-PbS samples E–I. The Q-PbS n2 is again
strongly correlated with the Q-PbS absorption coefficient. (c)
An alternative representation of n2, where the x-axis is offset
with the spectral position of the absorption peak λ0. Compar-
ing the n2-values with a typical Q-PbS absorbance spectrum
(sample G), we again clearly observe the correlation between
both.
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Figure 9.8: The thermo-optical coefficient dn/dT remains
nearly constant over the entire spectral range measured (dots:
Q-PbSe sample B, circles: Q-PbS sample G). Absolute values
are in reasonable agreement with literature data, which yield
dn/dT = -6 10−4K−1.
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Figure 9.9: Intensity dependence of the change in refrac-
tive index δn=n2I0. The saturation behavior confirms that
n2 arises from electronic transitions within the quantum dots
(sample A). The experimental saturation intensity however is
an order of magnitude larger than the theoretical result.
laser). dn/dT is nearly constant over the wavelength ranges mea-
sured, and we obtain values of -0.5 to -4 10−4K−1. The data
agree with independent measurements of the temperature depen-
dence of the refractive index for chloromethane liquids (CCl4,
CHCl3 and CH2Cl2), performed at visible wavelengths (dn/dT =
-6 10−4K−1).63
9.5 Electronic origin of n2
9.5.1 Saturation of the change in refractive index
The spectral dependence of n2 already suggests that it arises from
electronic transitions within the colloidal nanocrystals. Further
evidence is given by its intensity dependence. We measure n2 for
sample A, at a wavelength of 1640 nm and at optical intensities
varying between 0.74 and 45MW/cm2 (femtosecond pulsed exci-
tation). Figure 9.9 shows the change in refractive index δn=n2I0.
At low optical intensities, δn increases linearly with I0, as expected
for a third-order nonlinearity. However, as the optical intensity in-
creases, we observe a saturation of δn. This saturation is taken
into account by the following model:
δn =
n2I0
1 + I0/Is,ex
(9.28)
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Figure 9.10: (a) Luminescence decay of 5.4 nm Q-PbSe. We
determine an exciton lifetime of 0.66µs. (b) When plotting δn
as a function of the steady state fraction of excited nanocrystals
fSS , we observe that δn continues to increase strongly, even
when fSS approaches one. This indicates that the dominant
contribution to n2 comes from the creation of bi-excitons.
with Is,ex the experimental saturation intensity. Fitting the data
yields Is,ex=46MW/cm2.
This saturation clearly demonstrates the electronic origin of
n2. Qualitatively, considering the limited maximal population of
eight electrons for the first (discrete) energy level, δn will start
to saturate once it becomes significantly filled with electrons. At
high optical intensities, when the level is completely filled, δn no
longer increases with increasing I0.
To gain a more quantitative insight into the origin of the non-
linear refractive index, the experimental saturation intensity is
compared to a calculated Is. Theoretically, around the first exci-
ton transition, a PbSe nanocrystal can be described as a two level
system. We calculate the fraction of excited nanocrystals f (Q-
PbSe containing a single exciton) as a function of optical intensity
and determine the corresponding saturation intensity Is,th.
Time-resolved luminescence measurements reveal that the
exciton lifetime τex is several orders of magnitude larger than
the time between pulses 1/ν=12.2 ns. For 5.4 nm particles, we
measure a lifetime τex=0.66µs (figure 9.10(a)). The high pulse
rate will therefore cause a buildup of excited nanocrystals until
a steady-state fraction fSS is reached. Denoting c0 the concen-
tration of unexcited Q-PbSe and c∗ the concentration of excited
171
IX. Nonlinear Optical Properties
Q-PbSe, we define fSS as:
fSS =
c∗
c0 + c∗
(9.29)
Taking the laser pulse duration τp (90 fs) and the pulse width ∆Ep,
evaluated on an energy scale (7meV), into account, the number of
nanocrystals excited per pulse is given by the ratio of the absorbed
energy Eabs and the maximal energy FEg one mole of Q-PbSe can
absorb:
Nexc =
Eabs
FEg
=
ln(10)εc0LτpI0
FEg∆Ep
(9.30)
ε is the (energy integrated) molar absorption coefficient of the
nanocrystals (section 7.3.2).
In between pulses, the number of nanocrystals that relax back
to the ground state can be written as (τex  1/ν):
Ndes = c∗L(1− exp(− 1
ντex
)) ≈ c
∗L
ντex
(9.31)
In steady-state Nexc must equal Ndes. This yields following steady
state population of excited nanocrystals:
fSS =
ln(10)ετpντexI0
FEg∆Ep + ln(10)ετpντexI0
(9.32)
with corresponding saturation intensity:
Is,th =
∆EpEgF
ln(10)ετpντex
(9.33)
This gives a theoretical saturation intensity of 3MW/cm2, an
order of magnitude lower than the experimentally observed one.
It indicates that the fraction of excited nanocrystals is high even
at low optical intensity. More importantly, when plotting δn as a
function of fSS , the experimental δn increases markedly at high
fSS (figure 9.10(b)).
This large difference between the expected and the experi-
mental saturation intensity can be explained by the creation of
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Figure 9.11: Gaussian curve: schematic representation of the
first absorption peak. Assuming that n2 is mainly related to
the creation of bi-excitons, the bell shape of the n2-spectrum
can be explained. Irrespective of the wavelength used for a
measurement (indicated by the dotted lines), the bi-exciton δn
anti-resonance is always near this wavelength, albeit slightly
shifted (full lines). This leads to a contribution to n2 of con-
stant sign (dots).
bi-excitons in already excited nanocrystals. The creation of bi-
excitons at high optical intensities has already been observed with
Q-PbSe, using time-resolved optical bleaching.1 The measure-
ments demonstrate that at high optical intensities, the bleaching
shows a two component decay: a fast, picosecond component due
to the decay of bi-excitons and a slow component (on a µs scale)
due to the decay of single excitons.
If the dominant contribution to n2 arises from the creation of
bi-excitons, this implies that the nonlinear refractive index has
a response time in the picosecond range, which is promising for
all-optical applications which require fast switching times. Fur-
thermore, it might also explain the bell-shaped curve of the n2-
spectrum. Figure 9.1 has already shown that we expect an anti-
resonance in the n2-spectrum in the case of a uniform bleaching of
the first transition. This is clearly not observed. However, when
in addition bi-excitons are created, they will also induce an anti-
resonance in the refractive index. This bi-exciton anti-resonance
will always be located near the wavelength used, albeit slightly
shifted due to the bi-exciton binding energy (figure 9.11). When
we now measure n2 for different wavelengths, the bi-exciton anti-
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Figure 9.12: (a) Absorption coefficient α0 of the Q-PbS
suspension used for the nonlinear measurements. (b) When
increasing the optical intensity, the absorption coefficient de-
creases. This bleaching can be explained by state-filling of the
quantum dots discrete energy levels.
resonance, being always near and slightly shifted with respect to
the wavelength used, contributes to n2 with a constant, in our case
negative, sign.
9.5.2 Absorption saturation
Further evidence for the electronic origin of the nonlinear optical
properties follows from a direct measurement of the absorption
coefficient as a function of optical intensity. In section 9.5.1, we
have already demonstrated that, due to the long exciton lifetime, a
steady state of excited nanocrystals builds up over several pulses.
For the nonlinear absorption measurements, we will therefore use
the average power density P/(piw20) instead of I0 as the relevant
optical intensity.
We use a 5 µM Q-PbS suspension in C2Cl4. The spectral posi-
tion of the first absorption peak (1550 nm, figure 9.12(a)) is equal
to the wavelength used. Measurements are performed under pi-
cosecond pulsed excitation.
Figure 9.12(b) shows the nonlinear absorption coefficient αNL.
At low optical power, the linear absorption coefficient α0 is recov-
ered. When increasing the optical intensity however, αNL clearly
decreases. The bleaching can again be explained by the state-
filling of the quantum dots discrete energy levels.
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9.6. Conclusions
As a change in absorption must be accompanied by a change
in refractive index (section 9.2), we have hereby indirectly demon-
strated that the nanocrystals possess an electronic n2. Similar
effects have been observed on Q-PbSe core and core-shell suspen-
sions, and further studies are undertaken.
9.6 Conclusions
We study the nonlinear optical properties of colloid lead chalco-
genide nanocrystals with the Z-scan technique as a function of
wavelength, optical intensity and sample concentration. To cor-
rectly fit the experimental data, the electric field at the aperture is
expanded up to the third order in the nonlinear phase shift ∆φ0,
and thermal effects are taken into account.
As we measure the nonlinear refractive index for absorbing
particles, the absorbed energy is partly converted to heat, leading
to thermal lensing. The resulting thermo-optical coefficient dn/dT
agrees with literature data.
Under femtosecond pulsed excitation, the Q-PbSe electronic
n2-spectrum shows bell-shaped resonances, clearly correlated with
the nanocrystal absorption coefficient. Under picosecond pulsed
excitation, similar results are obtained, and comparison of Q-PbS
and Q-PbSe n2-values around 1550 nm shows that the Q-PbSe
figure of merit is comparable to Q-PbS.
The electronic origin of the nonlinear refractive index is further
confirmed by the saturation of the change in refractive index δn
(for Q-PbSe, using femtosecond pulses) and by the observation of
absorption saturation (for Q-PbS, using picosecond pulses). Both
can be explained by state-filling of the quantum dots discrete en-
ergy levels. However, the calculated saturation intensity is an
order of magnitude smaller than the experimentally observed one.
This suggests that the creation of bi-excitons leads to a further
increase in δn.
In conclusion, we demonstrate that colloidal lead chalcogenide
nanocrystals are efficient nonlinear materials, opening pathways
for all-optical signal processing on a Si platform.
175
Bibliography
[1] R. D. Schaller, M. A. Petruska and V. I. Klimov, Tunable
near-infrared optical gain and amplified spontaneous emis-
sion using PbSe nanocrystals, J. Phys. Chem. B 2003, 107 ,
13765–13768.
[2] V. I. Klimov et al., Single-exciton optical gain in semiconduc-
tor nanocrystals, Nature 2007, 447 , 441–446.
[3] A. V. Malko et al., From amplified spontaneous emission to
microring lasing using nanocrystal quantum dot solids, Appl.
Phys. Lett. 2002, 81 , 1303–1305.
[4] M. Law et al., Determining the internal quantum efficiency of
PbSe nanocrystal solar cells with the aid of an optical model ,
Nano Lett. 2008, 8 , 3904–3910.
[5] C. D. Donega, P. Liljeroth and D. Vanmaekelbergh, Physic-
ochemical evaluation of the hot-injection method, a synthesis
route for monodisperse nanocrystals, Small 2005, 1 , 1152–
1162.
[6] E. H. Sargent, Infrared quantum dots, Adv. Mater. 2005, 17 ,
515–522.
[7] C. Burda et al., Chemistry and properties of nanocrystals of
different shapes, Chem. Rev. 2005, 105 , 1025–1102.
[8] L. Brus, Electronic wave-functions in semiconductor clusters
- experiment and theory , J. Phys. Chem. 1986, 90 , 2555–
2560.
[9] A. D. Yoffe, Low-dimensional systems - quantum-size effects
and electronic-properties of semiconductor microcrystallites
(zero-dimensional systems) and some quasi-2-dimensional
systems, Adv. Phys. 1993, 42 , 173–266.
[10] G. Allan and C. Delerue, Confinement effects in PbSe quan-
tum wells and nanocrystals, Phys. Rev. B 2004, 70 , 245321.
[11] J. M. An et al., The peculiar electronic structure of PbSe
quantum dots, Nano Lett. 2006, 6 , 2728–2735.
[12] T. Rajh, O. I. Micic and A. J. Nozik, Synthesis and charac-
terization of surface-modified colloidal CdTe quantum dots, J.
176
Phys. Chem. 1993, 97 , 11999–12003.
[13] O. Schmelz et al., Supramolecular complexes from CdSe nano-
crystals and organic fluorophors, Langmuir 2001, 17 , 2861–
2865.
[14] C. A. Leatherdale et al., On the absorption cross section of
CdSe nanocrystal quantum dots, J. Phys. Chem. B 2002, 106 ,
7619–7622.
[15] W. W. Yu et al., Experimental determination of the extinction
coefficient of CdTe, CdSe, and CdS nanocrystals, Chem. Mat.
2003, 15 , 2854–2860.
[16] P. R. Yu et al., Absorption cross-section and related optical
properties of colloidal InAs quantum dots, J. Phys. Chem. B
2005, 109 , 7084–7087.
[17] L. Cademartiri et al., Size-dependent extinction coefficients
of PbS quantum dots, J. Am. Chem. Soc. 2006, 128 , 10337–
10346.
[18] J. C. Maxwell Garnett, Colours in metal glasses and in metal-
lic films, Philos. Tr. R. Soc.–A 1904, 203 , 385–420.
[19] J. C. Maxwell Garnett, Colours in metal glasses, in metallic
films, and in metallic solutions. II , Philos. Tr. R. Soc.–A
1906, 205 , 237–288.
[20] M. Sheikbahae et al., Sensitive measurement of optical non-
linearities using a single beam, IEEE J. Quantum Electron.
1990, 26 , 760–769.
[21] D. Ricard, M. Ghanassi and M. C. Schanneklein, Dielectric
confinement and the linear and nonlinear-optical properties
of semiconductor-doped glasses, Opt. Commun. 1994, 108 ,
311–318.
[22] P. Mallet, C. A. Guerin and A. Sentenac, Maxwell-Garnett
mixing rule in the presence of multiple scattering: Derivation
and accuracy , Phys. Rev. B 2005, 72 , 014205.
[23] D. E. Aspnes, Local-field effects and effective-medium theory:
A microscopic perspective, Am. J. Phys. 1982, 50 , 704–709.
[24] R. J. Gehr and R. W. Boyd, Optical properties of nanostruc-
177
tured optical materials, Chem. Mat. 1996, 8 , 1807–1819.
[25] A. Sihvola, Two main avenues leading to the Maxwell Garnett
mixing rule, J. Electromagnet. Wave 2001, 15 , 715–725.
[26] N. Suzuki, K. Sawai and S. Adachi, Optical properties of
PbSe, J. Appl. Phys. 1995, 77 , 1249–1255.
[27] H. H. Marvin, The selective transmission and the dispersion
of the liquid chlorides, Phys. Rev. 1912, 34 , 161.
[28] T. Vossmeyer et al., CdS nanoclusters - synthesis, character-
ization, size-dependent oscillator strength, temperature shift
of the excitonic-transition energy, and reversible absorbency
shift , J. Phys. Chem. 1994, 98 , 7665–7673.
[29] E. Merzbacher, Quantum mechanics, Wiley International
Edition, New York 1970, 2nd ed.
[30] J. N. Zemel, J. D. Jensen and R. B. Schoolar, Electrical and
optical properties of epitaxial films of PbS PbSe PbTe and
SnTe, Phys. Rev. 1965, 140 , A330–A342.
[31] Y. Kayanuma, Quantum-size effects of interacting elec-
trons and holes in semiconductor microcrystals with spherical
shape, Phys. Rev. B 1988, 38 , 9797–9805.
[32] Y. Wang and N. Herron, Nanometer-sized semiconductor
clusters - materials synthesis, quantum size effects, and pho-
tophysical properties, J. Phys. Chem. 1991, 95 , 525–532.
[33] H. Kanazawa and S. Adachi, Optical properties of PbS , J.
Appl. Phys. 1998, 83 , 5997–6001.
[34] A. J. Cox, A. J. DeWeerd and J. Linden, An experiment to
measure Mie and Rayleigh total scattering cross sections, Am.
J. Phys. 2002, 70 , 620–625.
[35] A. I. Ekimov et al., Absorption and intensity-dependent pho-
toluminescence measurements on CdSe quantum dots: assign-
ment of the first electronic transitions, J. Opt. Soc. Am. B
1993, 10 , 100.
[36] R. J. Ellingson et al., Highly efficient multiple exciton gen-
eration in colloidal PbSe and PbS quantum dots, Nano Lett.
2005, 5 , 865–871.
178
[37] R. Koole et al., Optical investigation of quantum confinement
in PbSe nanocrystals at different points in the Brillouin zone,
Small 2008, 4 , 127–133.
[38] N. Suzuki and S. Adachi, Optical properties of PbTe, Jpn. J.
Appl. Phys. 1994, 33 , 193–198.
[39] L.-W. Wang and A. Zunger, Dielectric constants of silicon
quantum dots, Phys. Rev. Lett. 1994, 73 , 1039.
[40] C. Delerue, M. Lannoo and G. Allan, Concept of dielectric
constant for nanosized systems, Phys. Rev. B 2003, 68 .
[41] Z. Hens et al., Effect of quantum confinement on the dielectric
function of PbSe, Phys. Rev. Lett. 2004, 92 .
[42] M. Bruchez et al., Semiconductor nanocrystals as fluorescent
biological labels, Science 1998, 281 , 2013–2016.
[43] X. Michalet et al., Quantum dots for live cells, in vivo imag-
ing, and diagnostics, Science 2005, 307 , 538–544.
[44] J. S. Steckel et al., Color-saturated green-emitting QD-LEDs,
Angew. Chem.-Int. Edit. 2006, 45 , 5796–5799.
[45] A. Rogach et al., Light-emitting diodes with semiconductor
nanocrystals, Angew. Chem.-Int. Edit. 2008, 47 , 6538–6549.
[46] G. Priem et al., Design of all-optical nonlinear functionalities
based on resonators, IEEE J. Sel. Top. Quantum Electron.
2004, 10 , 1070–1078.
[47] C. Koos et al., Nonlinear silicon-on-insulator waveguides for
all-optical signal processing , Opt. Express 2007, 15 , 5976–
5990.
[48] M. Dinu, F. Quochi and H. Garcia, Third-order nonlinearities
in silicon at telecom wavelengths, Appl. Phys. Lett. 2003, 82 ,
2954–2956.
[49] A. A. Said et al., Determination of bound-electronic and free-
carrier nonlinearities in ZnSe, GaAs, CdTe, and ZnTe, J.
Opt. Soc. Am. B 1992, 9 , 405–414.
[50] F. de Rougemont and R. Frey, Two-level approach to satu-
ration properties in semiconductor materials, Phys. Rev. B
1988, 37 , 1237.
179
[51] A. Melikyan and G. Minasyan, Saturation of interband ab-
sorption in semiconductors, Semiconductors 2000, 34 , 386–
388.
[52] M. Sheikbahae et al., Dispersion of bound electronic nonlinear
refraction in solids, IEEE J. Quantum Electron. 1991, 27 ,
1296–1309.
[53] M. Sheikbahae, D. J. Hagan and E. W. Vanstryland, Disper-
sion and band-gap scaling of the electronic kerr effect in solids
associated with 2-photon absorption, Phys. Rev. Lett. 1990,
65 , 96–99.
[54] A. Villeneuve et al., Nonlinear Refractive-Index and 2
Photon-Absorption near Half the Band-Gap in AlGaAs, Appl.
Phys. Lett. 1993, 62 , 2465–2467.
[55] G. Lenz et al., Large Kerr effect in bulk Se-based chalcogenide
glasses, Opt. Lett. 2000, 25 , 254–256.
[56] T. G. Juliet et al., Third order nonlinearities in Ge-As-Se-
based glasses for telecommunications applications, J. Appl.
Phys. 2004, 96 , 6931–6933.
[57] S. Schmittrink, D. A. B. Miller and D. S. Chemla, Theory of
the linear and nonlinear optical-properties of semiconductor
microcrystallites, Phys. Rev. B 1987, 35 , 8113–8125.
[58] G. L. Tan et al., Linear and non-linear optical properties of
capped CdTe nanocrystals prepared by mechanical alloying ,
Opt. Mater. 2004, 27 , 579–584.
[59] N. Venkatram, D. N. Rao and M. A. Akundi, Nonlinear
absorption, scattering and optical limiting studies of CdS
nanoparticles, Opt. Express 2005, 13 , 867–872.
[60] J. He et al., Observation of interband two-photon absorption
saturation in CdS nanocrystals, J. Phys. Chem. B 2005, 109 ,
19184–19187.
[61] G. Banfi, V. Degiorgio and D. Ricard, Nonlinear optical prop-
erties of semiconductor nanocrystals, Adv. Phys. 1998, 47 ,
447–510.
[62] M. Falconieri, Thermo-optical effects in Z-scan measurements
using high-repetition-rate lasers, J. Opt. A–Pure Appl. Op.
180
1999, 1 , 662–667.
[63] S. Valkai, J. Liszi and I. Szalai, Temperature dependence of
the refractive index for three chloromethane liquids at 514.5
nm and 632.8 nm wavelengths, J. Chem. Thermodyn. 1998,
30 , 825–832.
181
182
Part 4
Integration of colloidal
semiconductor nanocrystals
with Silicon-on-Insulator
photonic devices

Introduction
Silicon-on-Insulator (SOI) photonics provides a strong platform
for all-optical signal processing. It is compatible with CMOS
technology, and devices can be miniaturized down to the micron
scale. Consequently, several passive devices have already been de-
monstrated using SOI rib waveguides and/or photonic crystals.1–3
Working on a silicon platform has major drawbacks however. With
a band gap of 1.12 eV (absorption edge at 1.1 µm), silicon is not
suitable for light detection at telecom wavelengths of 1.3 and
1.55 µm. Furthermore, the indirect band gap prohibits efficient
light emission, and the intrinsic nonlinear optical properties of sil-
icon and the corresponding figure of merit are small.4 As a result
of these restraints, active photonic devices will most probably be
of a hybrid nature,5 where a strongly luminescent and/or nonlin-
ear material with the appropriate band gap is combined with the
advantages of SOI (although all-silicon solutions are intensively
studied as well2,6–8).
Promising candidates for this approach are colloidal semicon-
ductor nanocrystals or quantum dots. We have already shown
that they possess a high photoluminescence efficiency and high
nonlinear refractive index. In this part, we first explore different
deposition techniques in order to integrate colloidal lead chalco-
genide nanocrystals with SOI technology. Next, we describe the
linear and nonlinear transmission characteristics of the resulting
hybrid photonic devices.
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Chapter X
Deposition techniques
10.1 Introduction
Colloidal nanocrystals are synthesized using wet chemical tech-
niques (chapters II and III). This has a distinct advantage: the
technique does not rely on a substrate to grow the particles on.
Consequently, a large variety of materials and sizes can be synthe-
sized using similar methods,9–12 and subsequent processing of the
nanocrystals can be decoupled from the synthesis. Since colloidal
nanoparticles are suspended in a solvent, a whole set of wet deposi-
tion techniques is available, ranging from dip-13 and spincoating to
Langmuir-Blodgett deposition of monolayers of nanocrystals. In
this chapter, we will explore three techniques: Langmuir-Blodgett
deposition for the formation of a monolayer of nanocrystals on a
substrate, dropcasting for the deposition of a thick, close-packed
layer, and spincoating of a quantum dot doped polymer hybrid
material.
10.2 Langmuir-Blodgett deposition
10.2.1 Deposition on flat substrates
Monolayers of Q-PbSe are deposited on various substrates by the
Langmuir-Blodgett (LB) technique. All depositions are performed
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Figure 10.1: Typical LB isotherm when compressing Q-PbSe
at a rate of 9 cm2/s. Inset: At a pressure of 12mN/m, the
substrate (vertical bar) is vertically pulled out of the water
while maintaining a constant pressure. The nanocrystals (dots)
are hereby deposited on the substrate.
with a Nima 312D LB trough. Typically, we first place a substrate
vertically in the trough (inset figure 10.1). A few drops of a diluted
Q-PbSe suspension in chloroform are then spread out on the water,
and the solvent is allowed to evaporate. A close-packed monolayer
of nanocrystals is formed by slowly compressing the film up to
a surface pressure of 12mN/m at a rate of 9 cm2/s (figure 10.1).
During compression, the pressure is monitored with a Wilhelmy
plate attached to a microbalance. At a pressure of 12mN/m, the
compressed monolayer is subsequently transferred to the substrate
by vertically pulling the substrate out of the water at a speed of
1.4mm/min.
Figure 10.2 shows atomic force microscopy (AFM) images of
Q-PbSe monolayers deposited on mica. The layer which is trans-
ferred at a pressure of 12mN/m shows no features, from which we
conclude that a homogeneous monolayer is deposited. Performing
the transfer at a slightly higher pressure of 17.5mN/m, we ob-
serve a small ridge, 5.2 nm high. This height agrees well with the
Q-PbSe size (5.4 nm), suggesting that the higher pressure leads
to a small overlap of two Q-PbSe monolayers. These results are
a drastic improvement over previous depositions using InP nano-
crystals, where we typically observe the formation of close-packed
islands, separated by small voids.14
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Figure 10.2: (a) Typical AFM image of a Q-PbSe monolayer
deposited on mica at a pressure of 12mN/m. No features can
be distinguished, demonstrating the homogeneity of the layer.
(b) When depositing a monolayer at an increased pressure of
17.5mN/m, we observe a ridge of 5.2 nm, indicating two over-
lapping monolayers.
10.2.2 Local deposition on silicon and SOI devices
Integration of colloidal nanocrystals in various devices often re-
quires deposition at very specific places on a substrate. This we
achieve by Langmuir-Blodgett deposition of a nanocrystal mono-
layer on a silicon substrate, partly protected by photoresist. A
1 µm photoresist layer is spincoated on the substrate, and we use
optical lithography to define patterns. After LB deposition of the
Q-PbSe on the patterned substrate, the resist is removed by sub-
sequently dipping the sample in acetone (60 s), isopropanol (45 s)
and distilled water (30 s). After photoresist removal, the samples
are measured with scanning electron microscopy (SEM). Figure
10.3(a) shows the local deposition of a 50x50 µm Q-PbSe mono-
layer. A homogeneous deposition is obtained, with a sharp edge
separating the layer from the bare silicon substrate. This indicates
both the efficient filling of the pattern with a monolayer and the
complete removal of the nanocrystals which were on top of the
photoresist.
This technique is also applicable for the deposition of a mono-
layer on top of SOI devices, as shown in figure 10.3(b) by a local
deposition on one arm of a Mach-Zehnder interferometer.
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Figure 10.3: (a) Example of a local deposition of a Q-PbSe
monolayer. A 50x50 µm layer is deposited with high selectivity
(as no Qdots are visible on the bare substrate) and homogene-
ity. (b) The local deposition can also be performed on SOI
devices, such as a Mach-Zehnder interferometer.
10.2.3 Oriented attachment
Despite the promising results obtained with the LB deposition, a
nanometer scale investigation of the monolayer with TEM reveals
that this technique has a limited applicability in the case of Q-
PbSe. A TEM sample is prepared by slowly compressing the Q-
PbSe film on the water surface, followed by stamping a TEM grid
on the film at a surface pressure of 12mN/m. Figure 10.4(a)
shows a typical TEM overview image, where we observe that some
Q-PbSe have fused together. A more detailed view shows the
oriented attachment of the nanocrystals (figure 10.4(b)), de facto
forming short quantum rods. Most probably this is due to the
rapid oxidation of the nanocrystals (sections 2.4 and 5.3), which
is possibly even enhanced in presence of water.
10.3 Nanocrystal dropcasting
Dropcasting of a nanocrystal solution provides an easy route to-
ward (up to) micron sized thick quantum dot solids. The technique
is for instance applied in the construction of a quantum dot based
field-effect transistor.15
We use the dropcasting technique on patterned devices to ex-
plore the possibility of depositing a thick layer of nanocrystals on
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10nm
2nm
Figure 10.4: (a) At the nanometer scale, TEM images show
that some Q-PbSe in a LB film fuse together. (b) A more
detailed image shows the oriented attachment of individual Q-
PbSe, forming small quantum rods.
5µm50µm
Figure 10.5: (a) A dropcasted layer can also be deposited
locally. (b) On a spiraled SOI wire however, small cracks are
visible in the dropcasted layer, perpendicular to the wires. This
will induce significant optical losses.
top of SOI devices. Typically, a known volume of Q-PbSe is sus-
pended in a mixture of hexane and heptane (80:20 volume ratio),
and subsequently spread out over a patterned substrate, using a
volume of 50-60 µL per cm2 of substrate area. After solvent evap-
oration, the resist is removed as described above.
Figure 10.5(a) shows a SEM image of a local deposition on
a flat silicon substrate, demonstrating the high selectivity of the
technique. However, when depositing the particles locally on a
spiraled SOI photonic wire, cracks appear in the layer, orthogonal
to the wires (figure 10.5(b)). These induce severe wire propaga-
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Figure 10.6: (a) Thickness determination of a spincoated
PMMA thin film, by scratching the film and measuring the
height with AFM. (b) A fit to the interference pattern of a
PMMA thin film, measured with absorbance spectroscopy al-
lows for a non-destructive thickness determination. (c) Re-
sulting AFM thickness as a function of spinning speed (closed
circles). The thickness, determined with absorbance spec-
troscopy, of a film spincoated at 2000 rpm (open circle) agrees
well with the AFM value.
tion losses, so, as in the case of the LB deposition, the technique
as described here is not suited for integrating Q-PbSe with SOI
photonic devices.
10.4 Quantum dot – polymer composite
spincoating
A third method which we explore, is spincoating of a polymer film
doped with colloidal quantum dots. Spincoating is a very flexible
technique, as the final film thickness can be easily tuned by varying
the spinning speed or the polymer volume fraction in the solution
which is spincoated.
10.4.1 Thin film thickness determination
A 5m% polymethylmetacrylate (PMMA) in chlorobenzene solu-
tion is prepared and five samples are spincoated on a glass sub-
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strate at spinning speeds of 1000, 2000, 3250 and 5700 rpm. The
film thickness d is determined by making a scratch in the thin film,
down to the glass substrate, and measuring the scratch depth with
AFM. Figure 10.6(a) shows a typical AFM image. The result-
ing film thicknesses are plotted in figure 10.6(c) (closed circles),
demonstrating that d can indeed be tuned by varying the spinning
speed.
However, these AFM measurements are lengthy and destruc-
tive. Therefore, the film thickness obtained with AFM is com-
pared with the thickness obtained from absorbance spectroscopy
for a sample spincoated at 2000 rpm. Optical spectroscopy has the
benefit of being nondestructive, although it requires knowledge of
the refractive index nsubs of the substrate. This can be obtained
from a transmission spectrum of the substrate, using following
equation:
T =
16n2subs
(1 + nsubs)4
(10.1)
For glass, we find nsubs=1.5. Figure 10.6(b) shows the transmis-
sion spectrum of the thin PMMA film on top of the glass substrate,
after division by the glass transmission background. We observe
clear interference fringes, demonstrating that the thin film is op-
tically flat. The spectrum is fitted with:
T = A
n2f (1 + nsubs)
2
(n2f + nsubs)
2 + cos2(2pinfdλ )(n
2
f − 1)(n2subs − n2f )
(10.2)
with A ≈ 1 a factor correcting slight offsets in the measured
transmission spectra (A=0.9995 in the fit of figure 10.6(b)). The
fit yields both the PMMA refractive index nf =1.48 and the film
thickness d=345 nm, which agrees with the AFM measurements
(figure 10.6(c), open circle). We can therefore conclude that the
transmission spectrum provides an accurate value for the film
thickness.
Similar results are obtained on polystyrene (PS) thin films,
spincoated on glass from a solution of PS in toluene. In this case,
we obtain a refractive index nf =1.6.
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Figure 10.7: (a) When doping the PMMA film with Q-PbSe
(top curve), the interference pattern disappears, in contrast
with doped PS films (bottom curve). In addition, the rising
background around the band gap suggests Rayleigh scattering
(inset). (b) AFM measurements reveal that the doped PMMA
film has a rough surface, showing spikes of ca. 50 nm.
10.4.2 Nanocrystal incorporation
A Qdot doped PMMA thin film is prepared by suspending 20 µM
of 5.2 nm Q-PbSe in a mixture of PMMA and chlorobenzene
(5m%), followed by spincoating at 2000 rpm. A Qdot doped PS
thin film is prepared similarly (starting from a 8m% solution of
PS in toluene containing 16 µM of 5.3 nm Q-PbSe). Figure 10.7(a)
shows the absorbance spectra. In contrast with the PS film,
the PMMA film does not show interference fringes. In addition,
we observe a rising background around the band gap transition
for the Qdot doped PMMA film, suggesting Rayleigh scattering
(figure 10.7(a), inset). An AFM image of the PMMA thin film
surface shows that the sample thickness is not uniform, as several
spikes appear, ca. 50 nm high (figure 10.7(b)). The results suggest
that the quantum dots cluster during the PMMA thin film spin-
coating, possibly due to the hydrophilic side chains of the PMMA
molecule. As the colloidal nanocrystals are capped by oleic acid
(chapters V and VI), they will tend to cluster in a hydrophilic
environment. PS does not contain any hydrophilic side chains,
explaining the improved sample homogeneity and corresponding
observation of interference fringes.
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Figure 10.8: Determination of the stability of a Q-PbS–PS–
toluene suspension, shown as function of Q-PbS concentra-
tion(a) and volume fraction (b). Two regions can be observed
(black: stable suspensions; grey: unstable suspensions), show-
ing that the Q-PbS solubility is limited for a given PS volume
fraction. The marker size is indicative for the nanocrystal size.
Nevertheless, the nanocrystal solubility in a solution of PS in
toluene remains limited. We suspend various concentrations of
Q-PbS in solutions of PS in toluene and check the sample tur-
bidity by eye. Figure 10.8 summarizes the results, showing clear
suspensions in black and turbid suspensions in grey (larger mark-
ers correspond to nanocrystals of a larger size). We observe that
the maximal Q-PbS concentration (or equivalently the maximal
Q-PbS volume fraction) depends on the volume fraction of PS in
the toluene solution. Typically, larger amounts of nanocrystals
can be suspended in solutions containing less PS.
10.4.3 Calculation of the Qdot volume fraction
As neither the polystyrene nor the Qdots evaporate upon spinning,
the Qdot volume fraction in the thin film f (in %) can be calcu-
lated from the respective volume fractions of polystyrene fPS and
of the nanocrystals fQdot in the suspension prior to deposition:
f =
fQdot
fQdot + fPS
.100 (10.3)
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Figure 10.9: Absorbance spectra of a series of Q-PbSe doped
thin films, with varying Qdot volume fraction (offset for clar-
ity). For comparison, an undoped PS thin film (bottom) and
the Q-PbSe suspension (top) are shown as well. Superimposed
on the nanocrystal absorbance, we clearly observe interference
fringes, demonstrating that the films are homogeneous and op-
tically flat.
This equation shows that the quantum volume fraction in the film
increases with the fQdot : fPS ratio. However, due to the limit
on the maximal quantum dot solubility, demonstrated in figure
10.8, high f can typically only be obtained by increasing fQdot in
combination with lowering fPS . Consequently, by decreasing fPS ,
the final film thickness will decrease.
As an example, figure 10.9 shows the transmission spectra of
three Q-PbSe doped PS thin films, prepared by spincoating, at
2000 rpm, a 1 µM, 4 µM and 16 µM Q-PbSe suspension in 8m% PS
in toluene, respectively (Q-PbSe size: 5.3 nm). All films clearly
show interference fringes and we observe no Rayleigh scattering,
demonstrating that the films are optically flat and that the nano-
crystals are homogeneously distributed throughout the film. From
the interference pattern, we estimate a film thickness of ca. 1 µm.
The volume fraction, calculated using equation 10.3, is also indi-
cated.
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10.5 Conclusions
Several techniques are explored to deposit a nanocrystal layer on
top of flat substrates and SOI devices. Langmuir-Blodgett depo-
sition and dropcasting both have their specific drawbacks. These
do not fundamentally limit their applicability. Further optimiza-
tion of the LB technique might resolve the problems of oriented
attachment, by using for instance more stable nanocrystals like Q-
PbS. Also, recently published work on Q-PbSe solar cells describes
techniques to deposit a thick homogeneous close-packed layer, by
layer-by-layer dipcoating.13
Good results are obtained by depositing a quantum dot doped
polymer thin film by spincoating. In this case, the choice of poly-
mer remains crucial, as doped PS thin films show a markedly im-
proved film flatness and Qdot homogeneity with respect to doped
PMMA thin films. However, depending on the desired thin film
properties, a trade-off must be made between obtaining a high
film thickness (high fPS) and a high quantum dot volume frac-
tion in the film (high fQdot), due to the limited solubility of the
nanocrystals in PS-toluene mixtures.
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Chapter XI
Colloidal quantum dot –
Silicon-on-Insulator hybrid
photonic devices
11.1 Introduction
In this chapter, we describe the integration of colloidal lead chalco-
genide nanocrystals with SOI technology to create a hybrid Qdot–
SOI notch filter. We will show that the light propagating through
the silicon wires strongly interacts with the Qdots in a doped PS
thin film, spincoated on top of the wires. The optical losses of the
coated notch filters are calculated from the transmission spectrum
and compared to the Qdot absorption coefficient. Efficient tuning
of the output characteristics of the Qdot–SOI hybrid notch filter
by varying the Qdot size and volume fraction is demonstrated.
Measurements of optical nonlinearities are initiated, but various
pitfalls are discussed which have to be overcome before an efficient
nonlinear device can be obtained.
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Figure 11.1: (a) Scanning electron microscope image of a
typical SOI notch filter. (b) Transmission spectrum of a notch
filter around 1.55 µm. The ring length equals 39.4µm; the
coupling section Lc measures 4 µm, with a gap of ca. 200 nm
between the ring and the photonic wire.
11.2 Transmission spectrum of an uncoated
SOI notch filter
The devices studied here consist of an SOI racetrack ring resonator
coupled to a straight photonic wire (figure 11.1(a)). Typically, the
wire has a width of 450 nm and a height of 220 nm. The ring has
a length L of 39.4 µm, with a coupling section Lc=4 µm and a
bend radius of 5 µm. The gap between the ring resonator and the
photonic wire equals ca. 200 nm.
Only when the effective length of the ring resonator is equal
to an integral number of wavelengths, efficient coupling to the
ring resonator mode occurs, hereby creating a band-stop, or notch
filter. A typical transmission resonance for our SOI notch filter is
shown in figure 11.1(b). For this resonance, we obtain a Q-factor
of ca. 14000 and extinction ratio ER= -12.5 dB.
11.2.1 Derivation of the notch filter transmission
characteristics
To gain more insight into the elements determining this Q-factor
and extinction ratio, we write the resonance line width F (full
width at half maximum, equal to λ0/Q) and the normalized reso-
nance depth D (equal to 10ER/10) in terms of the field amplitude
transmission a per round trip of the light in the ring, and the
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Figure 11.2: Calculation of the transmission properties of a
notch filter using the transfermatrix model. a1, aR, b1 and bR
denote the respective electric field amplitudes.
field amplitude transmission t of the ring–wire coupling section.16
Here, a=1 implies a lossless ring resonator, and t=1 means that
all light is transmitted through the coupling section, i.e. no light
is coupled into the ring resonator.
The transfermatrix model for a notch filter, which couples the
input field amplitude a1 and the amplitude aR in the ring to the
output amplitude b1 and bR, can be written as (figure 11.2):16[
b1
bR
]
=
[
t ik
ik t
] [
a1
aR
]
(11.1)
The transfermatrix is unitary, which means that t2+ k2 = 1. The
amplitude aR after a round trip in the ring is related to bR through:
aR = a.bR exp(iφ) (11.2)
With φ the increase in phase after a round trip, given by:
φ =
2piLneff (λ)
λ
(11.3)
Note that we explicitly state that the effective index of the wire
neff is wavelength-dependent. When normalizing all amplitudes
to an input a1=1, we obtain following output field power Ipass =
|b1|2:
Ipass(λ) =
a2 − 2 at cos
(
2piLneff
λ
)
+ t2
a2t2 − 2 at cos
(
2piLneff
λ
)
+ 1
(11.4)
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This already demonstrates that a resonance occurs when
Lneff
λres
= m (11.5)
with m the resonance mode number. When the resonance line
width F is much smaller than the resonance wavelength λres, a
Taylor series expansion up to first order of equation 11.4 yields
(around a single resonance):
Ipass(λ) = 1− 1−D
1 + 4(λ−λres)
2
F 2
(11.6)
F =
(1− at)λ2res
piLng
√
at
D =
(a− t)2
(1− at)2
The group index ng =neff−λ.dneff/dλ is obtained from the spec-
tral positions of the ring resonances and the free spectral range
FSR (distance between subsequent ring resonances):
ng =
λ2res
L.FSR
(11.7)
For the uncoated ring, we find ng =4.38, which yields a ≈
t=0.99 from a fit to the resonance at 1554.1 nm using equation
11.6. Clearly, the low loss and high transmission result in the high
Q-factor, while the large extinction ratio is due to critical coupling
(a= t).
11.3 Transmission of a hybrid Qdot–SOI
notch filter
11.3.1 Deposition and characterization
The propagating mode in a photonic wire is not fully confined
to the silicon core. A simulation of the mode profile, of a wire
coated with a PS cladding, demonstrates that the evanescent tail
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Figure 11.3: Simulation of the optical mode profile of a wire
with a width of 450 nm and a height of 220 nm. The mode
expands 50–60 nm into the PS cladding on top and oxide un-
derneath.
extends 50 to 60 nm into the buried oxide underneath and into
the PS cladding on top of the wire (figure 11.3, simulation per-
formed with FIMMWAVE). From the mode profile, we calculate
a PS filling factor of 0.17, i.e. 17% of the mode power is con-
fined to the PS cladding. If we now dope the PS cladding with
nanocrystals, the light propagating through a photonic wire can
experience significant losses due to absorption in the Qdot doped
thin PS film.
To reduce these effects, the Qdot doped film is deposited
only on the notch filter. Successful local deposition of Qdots
on predefined areas of flat substrates and SOI devices using the
Langmuir-Blodgett technique and dropcasting has already been
demonstrated in chapter X. A similar approach is used here to
deposit a Qdot doped PS film on top of an SOI notch filter. A
1 µm thick photoresist layer is first spincoated on top of the SOI
device. With optical lithography, the resist is selectively removed
from the ring resonator, opening an area of 30 by 30 µm around
the ring. When spincoating the Qdot doped polystyrene on top of
this stack, direct contact between the SOI access waveguides and
the film is hereby avoided, restricting the interaction of the light
with the Qdot thin film to the ring resonator.
We perform one local deposition of undoped PS on top of an
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Sample Qdot λ0 (nm) f (%)
A Q-PbSe 1490 1.3
B Q-PbSe 1550 1.5
C Q-PbSe 1612 1.8
D Q-PbS 1550 0.75
E Q-PbS 1550 2.3
F Q-PbS 1550 6.6
Table 11.1: Summary of the thin film properties for the six
samples used. λ0 denotes the spectral position of the first
absorption peak or band gap. f is the Qdot volume fraction
in the spincoated thin film.
SOI notch filter, and six depositions of Qdot doped PS. The thin
film properties are summarized in table 11.1. When measuring the
transmission spectrum of the PS coated notch filter, we observe a
strong decrease in extinction ratio to only -2.5 dB (figure 11.4(a),
red trace). Calculation of a and t for the PS coated ring yields
a=0.99 and t=0.95 around 1550nm. Clearly, the loss is unaf-
fected by the deposition of the PS thin film. The transmission
however, is strongly reduced. Simulations of the mode profile in
a photonic wire as a function of refractive index of the cladding
layer nclad show that the penetration depth of the evanescent tail
increases with increasing nclad. The increased penetration depth
will increase the coupling between the wire and the ring resonator,
which explains the reduced transmission t after PS deposition.
Figure 11.4(b) shows a (gray, closed circles) and t (gray, open
circles) for the PS coated notch filter over a wavelength range of
1510–1630 nm. The figure also shows that doping the PS layer
with a volume fraction f =1.3% of Q-PbSe (sample A) does not
significantly change t (black, open circles), but leads to a strong
decrease in a (black, closed circles), especially around 1520 nm.
By this decrease however, critical coupling is restored at 1605.5 nm
(figure 11.4(a), black trace). The increased losses also reduce the
Q-factor of the Q-PbSe coated ring resonator. Around 1550 nm,
the Q-factor decreases from Q≈ 8000 for pure PS, to Q≈ 1650 for
Q-PbSe doped PS (figure 11.4(c)).
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Figure 11.4: (a) Transmission spectra of a notch filter coated
with pure PS (gray, offset for clarity) and Q-PbSe doped PS
(black). (b) Resulting transmission per round trip a (gray,
closed circles: pure PS; black, closed circles: Q-PbSe doped
PS) and transmission t (gray, open circles: pure PS; black,
open circles: Q-PbSe doped PS). A strong decrease of a is
observed after doping, while t is unaffected by the presence
of the Q-PbSe. (c) The Q-factor (gray: pure PS; black: Q-
PbSe doped PS) is strongly reduced after incorporation of the
nanocrystals, due to the decrease in a.
11.3.2 Efficient tuning of the transmission
From the field transmission a, the absorption coefficient α of the
ring is calculated as α=−20 log a/L (dB/cm). This value can be
compared to the absorption coefficient of the nanocrystals. Fig-
ure 11.5(a) shows the resulting α for samples A–C, superimposed
on the Q-PbSe absorbance spectra. The excellent correlation be-
tween both clearly shows that the loss is due to absorption in the
Qdot doped thin film on top of the ring resonator. The results
also demonstrate that, by simply varying the Q-PbSe size, the
absorption at a specific wavelength can be easily tuned.
Varying the Qdot volume fraction in the PS film also leads
to strong changes in the transmission spectrum. This is demon-
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Figure 11.5: (a) The absorption coefficient α of samples A–
C shows an excellent correlation with the Q-PbSe absorption
coefficient, demonstrating that the ring losses arise from the
Qdot absorption. (b) By increasing the Q-PbS volume frac-
tion in the PS film (full line: sample D, dashed line: sample
E, dotted line: sample F), the resonance shifts to longer wave-
lengths. (c) The Q-factor also decreases. This is due to a
decrease in a (dots), as t remains fairly constant (squares)
strated for Q-PbS in figure 11.5(b) (samples D–F). First, the res-
onances shift to longer wavelengths with increasing f . Under con-
ditions of low doping levels, the effective index of the Qdot doped
PS film scales linearly with f . Due to the high refractive index of
the quantum dots (chapter VIII) and the high sensitivity of SOI
rings to the refractive index of the cladding, even low Qdot volume
fractions lead to an efficient tuning of the resonance wavelength.
Second, the extinction ratio and Q-factor decrease (figure 11.5(c)).
Calculation of a and t shows that this is due to a strong decrease
in a, as t remains fairly constant. This again demonstrates that a
is determined by the Qdot absorption.
Figure 11.4(a) has already demonstrated that for sample A,
where a increases with increasing wavelength, critical coupling is
achieved at 1605.5 nm, while the shape of the Q-PbSe absorbance
spectrum ensures that the extinction ratio strongly decreases
for other wavelengths. For Q-PbSe with an absorption peak at
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Figure 11.6: Transmission spectrum of a notch filter coated
with a Q-PbSe doped PS film. The Q-PbSe absorption peak
lies at 1612 nm. We observe a constant extinction ratio of
-12.6 dB over a 120 nm wavelength range.
1612 nm, exactly the opposite can be achieved. We obtain excel-
lent results when depositing the 1.8% Q-PbSe doped thin film on
top of a ring resonator with a length of 45.4 µm and a coupling
section of 7 µm. In figure 11.6, we show the resulting transmission
spectrum. In contrast with the previous result, we measure a
nearly constant extinction ratio of -12.6 dB, with a standard devi-
ation of 1.1 dB, over the entire wavelength range of 1510–1630 nm,
again demonstrating that the transmission spectrum can be tuned
to a high degree by choosing the correct Qdot size and volume
fraction.
11.4 Theoretical evaluation of the optical
nonlinearities
11.4.1 Nonlinear refractive index
In chapter IX, we have already demonstrated that the quantum
dots possess a high nonlinear refractive index. In this section,
we will show how this is translated into nonlinear transmission
characteristics of the notch filter. For simplicity, in this section
we will assume that the silicon n2 and Qdot absorption saturation
can be neglected. In addition, we will not take the small intrinsic
silicon losses into account in this derivation, and only consider
losses induced by the nanocrystal absorption.
At high optical intensities, the nanocrystal nonlinear refractive
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index n2,Qdot will induce a change in refractive index of the doped
polymer film, and therefore a change in the effective index of the
coated wire. We define this change ∆n. Using equation 11.5, ∆n
is related to a change of the resonance wavelength ∆λ:
∆n
ng
=
∆λ
λres
(11.8)
In other words, n2,Qdot will induce a shift of the resonance wave-
length of the notch filter at high optical intensities.
We can assume that ∆n increases with increasing Qdot volume
fraction f and optical intensity in the ring Iring (in agreement with
the results obtained on Qdot suspensions, chapter IX).
At resonance, Iring is enhanced with respect to the input in-
tensity I0:
PE =
Iring
I0
=
a2(1− t2)
(1− at)2 (11.9)
with PE the power enhancement. This leads to:
∆n = fn2,I PE I0 (11.10)
with n2,I the intrinsic nonlinear refractive index of the coated wire,
i.e. at f = 1. Using this equation, we can write the wavelength
shift as:
∆λ =
λres
ng
fn2,I PE I0 (11.11)
Efficient nonlinear optical switching will however only be ob-
tained when ∆λ becomes larger than the resonance line width F ,
making ∆λ/F the quantity of interest. Taking into account that
a higher volume fraction f decreases the round trip transmission
a (as already demonstrated in the linear regime):
− 2 ln a = fαIL (11.12)
with αI the intrinsic absorption coefficient of the wire per unit
length, we finally obtain:
∆λ
F
=
n2,II0
αIλres
pi
√
at(−2 ln a)a2(1− t)2
(1− at)3 (11.13)
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We see that this equation consists of two parts. The first part
equals the figure of merit (FOM), already defined in equation 9.27
for quantum dot suspensions, which is a material property and
cannot be altered (note however that, in this case, the FOM is
defined for a coated SOI wire as a whole, not just for a Qdot
thin film or suspension). The second part is completely defined
by the notch filter design, as it contains only the parameters a
and t. These can be optimized by choosing the appropriate ring
length L, length of the coupling section, and quantum dot volume
fraction.
When evaluating the second part, we can conclude that max-
imal shifts are obtained for a ≈ t ≈ 1, i.e. for short rings, close
to critical coupling, and with a PS cladding layer containing few
quantum dots. In this limit, equation 11.13 can be approximated
by:
∆λ
F
= FOM.
pi
4
(11.14)
Under these conditions, we need a figure of merit larger than 4/pi
if we want a shift at least equal to the resonance line width. In
chapter IX, we derived a FOM of 3–4 for lead chalcogenide Qdot
suspensions, clearly sufficient to achieve a large nonlinear shift.
However, at present it is not clear yet how the FOM of a Qdot
suspension under pulsed excitation (in the Z-scan experiments)
is to be translated into a FOM of the hybrid notch filter under
continuous-wave excitation (in the measurements presented in this
chapter). Further study is needed to resolve this issue.
11.4.2 Absorption saturation
On the other hand, nonlinear transmission characteristics can also
be obtained when taking the absorption saturation of the quantum
dots into account (section 9.5.1). For simplicity, in this section we
neglect the nonlinear refractive index of the quantum dots and
focus only on the absorption saturation, modeled by:
α =
α0
1 + Iring/Is
(11.15)
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Figure 11.7: When depositing a saturable absorber on top
of a notch filter with t=0.99, optical bistability occurs when
increasing the linear absorption coefficient α0 of the ring to
above 0.15.
with α the intensity-dependent absorption coefficient of the ring.
It is converted to an intensity-dependent field amplitude transmis-
sion a by:
a = exp
(
− α0
2(1 + Iring/Is)
)
(11.16)
Iring is related to the input intensity I0 through equation 11.9.
Combination of both equations yields the dependence of a on the
input intensity I0. Taking a notch filter with a fixed t = 0.99,
figure 11.7 shows the evolution of a as a function of normalized
input intensity, for different linear absorption coefficients α0. In
addition to the increase of a with optical intensity observed for
all traces, optical bistability occurs for rings with a high linear
absorption coefficient (in this case, α0 > 0.15).
11.5 Pitfalls at high optical intensities
11.5.1 Thermal effects in SOI ring resonators
Although the intrinsic silicon n2 is small,4 we still observe a strong
red shift of the resonance wavelength with increasing optical in-
tensity for typical SOI ring resonators (figure 11.8). It is mainly
induced by a heating of the SOI wire, which leads to a change
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Figure 11.8: Increasing the optical intensity in an SOI ring
resonator leads to a red shift of the resonance transmission.
(a): notch filter with L=39.4µm and Lc=4µm. (b) notch
filter with L=32.8 µm and Lc=7µm.
in refractive index due to the silicon thermo-optical coefficient
dn/dT =1.86 10−4K−1.17
Two absorption mechanisms account for the heating.17 As the
wires have a high surface-to-volume ratio, significant surface state
absorption occurs. In addition, free carrier absorption, by carriers
created through two-photon absorption, further enhances the total
energy that is absorbed. Nonradiative carrier recombination then
heats up the SOI wire, leading to an increase of the refractive
index and consequently a red shift of the resonance wavelength.
An analysis of the linear transmission spectra of the notch
filters shown in figure 11.8 yields a≈ t≈ 0.99 for both devices.
Taking the power enhancement in the ring into account, the onset
of thermal effects (top curve) corresponds to a power (in the ring)
of the order of 20mW. We obtain similar results on a PS coated
ring, where the onset corresponds to a power of 40-60mW.
11.5.2 Quantum dot charging
In order to observe nonlinear effects, a Qdot–SOI hybrid notch will
therefore have to show a significant shift of the resonance wave-
length at powers below ca. 20mW. Figure 11.9(a) shows a typical
series of transmission spectra of a Q-PbSe coated ring resonator.
A blue shift is clearly observed with increasing optical intensity,
changing to a red shift at higher I0 due to thermal effects (figure
11.9(b)). In addition, the losses decrease, suggesting a bleaching
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Figure 11.9: (a) Series of transmission spectra for a Q-PbSe
coated notch filter (sample 1). The dotted line shows the po-
sition of λres at low intensity. (b) Increasing the optical in-
tensity initially leads to a blue shift of λres, changing to a red
shift at higher optical intensities. (c) a increases with increas-
ing I0 (closed circles), while t remains fairly constant (open
circles). (d) Following measurements at high I0, a typical Q-
PbSe coated notch filter shows a permanent blue shift of the
resonances (gray: initial spectrum; black: spectrum after mea-
surements at high I0).
of the quantum dots, as a increases with I0 (figure 11.9(c), closed
circles). t remains fairly constant (open circles). However, the
blue shift appears to be permanent, as a subsequent low intensity
measurement shows that the resonance does not shift back to its
original position (figure 11.9(d)).
Q-PbS coated notch filters show a similar behavior (figure
11.10(a)), although in this case, the resonance slowly drifts back to
its original position with a decay time of 30 seconds after applying
a high optical intensity (figure 11.10(b)).
Both results suggest that the high optical intensities lead to a
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Figure 11.10: (a) Series of transmission spectra for a Q-
PbS coated notch filter (sample 4). The dotted line shows
the wavelength where the time trace is measured. (b) Typical
time trace, measured at 1560.8 nm. When inserting 64 µW of
power in the device, we observe a slow intensity increase, sug-
gesting slow charging of the quantum dots. Similarly, when
subsequently step-wise reducing the power to 4µW, the orig-
inal signal intensity is only slowly recovered. The decay time
equals 30 s.
charging of the nanocrystals. In the case of Q-PbSe, the charged
particles might quickly oxidize, leading to a permanent blue shift
of the absorbance peak and consequently a permanent change in
the refractive index of the thin film. For Q-PbS, the results suggest
that the quantum dots are neutralized on a time-scale of 30 seconds
without permanent changes in their optical properties.
To avoid these unwanted effects, experiments have been ini-
tiated using PbSe|CdSe core-shell nanocrystals. However, at
present, no clear shift of the resonance wavelength has been
observed yet for these devices, but further studies are planned.
11.5.3 Prospects
It appears that the integration of colloidal nanocrystals with SOI
technology to create hybrid photonic devices is less straightforward
than expected. Both fundamental issues, such as the quantum dot
charging and the intrinsic thermal effects in SOI rings, as well as
practical issues, such as the SOI notch filter design, will require
further investigation.
Nonetheless, numerous possibilities still exist to overcome the
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problems stated above. For instance, the SOI notch filters can be
studied under pulsed excitation, increasing peak optical intensi-
ties while keeping the average power small, hereby avoiding the
intrinsic thermal effects. Initial experiments have been started,
and will be continued in the future. Also, more work will be per-
formed on the core-shell nanocrystals, as, even though we have
not observed a nonlinear shift yet, its absence, in a sense, already
indicates that the charging issues might be resolved. In addition,
all samples have been optimized for the observation of a nonlinear
shift of the resonance wavelength, which requires moderate volume
fractions of nanocrystals to maintain a high power enhancement.
Therefore, the optically bistability due to absorption saturation,
which requires a high linear absorption and therefore a high Qdot
volume fraction, has not been investigated yet.
From the perspective of photonic devices, we are not restricted
to coated SOI wires as described above. We can switch to slot-
ted devices,18 where the optical field is compressed into a narrow
air-filled gap. This reduces the optical intensity in the silicon
wires, hereby avoiding the thermal nonlinearities. It would also
enhance Qdot nonlinear effects when the gap is filled with nano-
crystals. The thermal problem can also be overcome by using a
Mach-Zehnder interferometer, as both arms of the interferometer
can be expected to heat up equally. By coating one of the arms
with nanocrystals, Qdot nonlinear effects can again be expected.
11.6 Conclusions
Q-PbSe and Q-PbS nanocrystals are mixed with polystyrene and
spincoated on top of an SOI notch filter. We use the transmis-
sion spectra of the coated devices to calculate the transmission
per round trip a and transmission of the coupling section t. The
loss of the coated rings is due to absorption in the quantum dot
doped thin film. Consequently, as is demonstrated with notch fil-
ters coated with Q-PbSe doped PS, varying the Qdot size leads to
a strong modification of the transmission spectrum. For particles
with an absorption peak at 1490 nm, we achieve a high extinction
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ratio of -23.7 dB only for a single resonance, while, when using
particles with a peak at 1612 nm, a nearly constant extinction ra-
tio of -12.6 dB can be achieved over a 1510–1630 nm wavelength
range. In addition, as is demonstrated using Q-PbS doped PS, the
resonance wavelengths of the notch filter can be efficiently tuned
by varying the quantum dot concentration in the film. Control-
ling both the size and concentration of the nanocrystals in the thin
films therefore leads to a high degree of control over the transmis-
sion characteristics of these quantum dot – SOI hybrid devices.
Measurements at high optical intensities reveal that uncoated
SOI notch filters show a strong red shift of the resonance wave-
length due to an increase in temperature of the photonic device.
When coating the notch filters with Q-PbSe or Q-PbS doped thin
films, we observe a permanent or slowly recovering blue shift, prob-
ably related to charging of the quantum dots.
Finally, suggestions are given to optimize the measurements,
and the quantum dot material and photonic device design. This
should allow us to observe the theoretically modeled nonlinear
effects, such as a strong shift of the resonance wavelength, due to a
change in refractive index, or optical bistability, due to absorption
saturation.
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Chapter XII
General Conclusions
“Angier: So the machine was working?
Tesla: These things never quite work as you expect
them to, Mr. Angier. That’s one of the principal beau-
ties of science.”
“The Prestige”, by Christopher Nolan (2006)
Throughout this work, we touched upon many different top-
ics, ranging from the synthesis and surface chemistry of colloidal
nanocrystals to their nonlinear optical properties and applications
on a silicon platform. Yet, although the range of subjects appears
diverse, the knowledge gained in each part provided us essential
feedback for the advancement in other areas. In this chapter, we
summarize the results obtained and highlight the intimate inter-
play between the different research topics.
12.1 Nanocrystal synthesis
Q-PbS and Q-PbSe nanocrystals are synthesized using the hot-
injection method. We determine their crystal structure with XRD
and HR-TEM, from which we conclude that colloidal nanocrystals
have the same structure and lattice parameter as their respective
bulk materials. In addition, TEM measurements allow us to de-
termine the mean nanocrystal diameter and size dispersion.
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The particle size determines the band gap of the material due
to quantum confinement. We correlate both to construct a siz-
ing curve. This curve then conveniently enables us to calculate
the particle size and size dispersion from the spectral position and
width of the first absorption peak, obtained through a straightfor-
ward measurement of the absorbance of a nanocrystal suspension.
The particle concentration in a Qdot suspension is another im-
portant practical parameter. Again, it can be calculated from the
absorbance spectrum if we know the nanocrystal molar extinction
coefficient. We determine it using ICP-MS (for the determination
of absolute atomic concentrations of the cation and, if possible the
anion) and RBS (for the determination of the cation:anion atomic
ratio, in case this is not obtainable with ICP-MS). Knowing the
particle size and lattice parameter, atomic concentrations and ra-
tios are converted to nanocrystal concentrations, from which we
determine the molar extinction coefficient at 400 nm through the
absorbance of an equal amount of nanocrystals.
The Q-PbS synthesis yields particles that are air-stable; we
observe no blue shift of the absorption peaks during storage under
ambient atmosphere. In contrast, Q-PbSe show a strong blue shift
of more than 100 nm, corresponding to a particle size reduction of
6.8 A˚. The oxidation can be avoided by growing an inorganic CdSe
shell around the PbSe core nanocrystals. We use a cation exchange
mechanism to replace the outermost Pb atoms by Cd, forming a
protective CdSe layer around the particles. During storage un-
der ambient conditions, the blue shift is limited to a mere 26 nm.
Further optimizing the shell growth might even eliminate the blue
shift completely; this remains to be investigated.
12.2 Surface chemistry
The organic ligands are an essential part of a colloidal nanocrystal.
Not only do they limit the particle growth during synthesis and
determine their final size and shape; a proper choice of ligands
also ensures that the nanocrystals are highly luminescent, that
the particle suspension is stable and that they can be processed
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into various 2D or 3D superstructures.
A proper surface passivation, and the further processing of our
nanocrystals are both of great importance for this work, therefore
we carefully study the nanocrystal surface chemistry. Using Q-InP
as a prototypic example, several NMR techniques are applied to
identify and quantify the nanocrystal ligands and ligand dynamics.
A typical 1H NMR spectrum of Q-InP in tol-d8 shows two
broad resonances, next to sharp signals arising from free molecules.
The key measurement to assign these broad resonances to organic
ligands, is DOSY. Using DOSY, we can filter out fast diffusing
species, leaving only the ligand resonances to appear in a diffusion
filtered spectrum due to the slow nanocrystal diffusion coefficient.
After confirmation that the broad NMR resonances pertain to the
nanocrystal ligands, they are identified by HSQC. The broad NMR
resonances in the 1H NMR spectrum are assigned to TOPO li-
gands on the Q-InP surface. When adding a known amount of
CH2Br2 to the nanocrystal suspension as a concentration stan-
dard, subsequent quantitative 1H NMR measurements then allow
us to calculate the ligand concentration, which, in combination
with the known nanocrystal concentration, gives a ligand surface
coverage of ca. 20%.
However, for all samples that we prepare, a small amount of
free TOPO is still detected. This suggests that the TOPO ligands
are in equilibrium with free TOPO in solution. Indeed, when
performing quantitative 1H measurements on a series of diluted
Q-InP samples, we observe an adsorption/desorption equilibrium.
A Fowler isotherm is fitted to the data, yielding the equilibrium
constant and corresponding free energy of adsorption.
Next, the techniques developed using Q-InP are applied to in-
vestigate the surface chemistry of Q-PbSe. Again, we observe sev-
eral broad resonances, which are assigned to OA ligands, tightly
bound to the Q-PbSe surface. In this case however, an unam-
biguous assignment is not possible with HSQC, as the OA and
TOP ligands strongly overlap, and the resonances of interest do
not show up in an HSQC spectrum due to their fast relaxation. A
quantitative 1H NMR spectrum however reveals that TOP does
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not bind to the Q-PbSe. The measurement also yields an OA
density of 4.2 ligands per square nm of nanocrystal surface.
ICP-MS measurements not only give the nanocrystal concen-
tration, the Pb:Se stoichiometry also provides valuable informa-
tion on the nanocrystal structure. The experimental results are in
close agreement with a non-stoichiometric structural model, con-
sisting of a quasi-stoichiometric nanocrystal core, terminated with
a pure Pb surface shell. The NMR measurements are correlated
with this model. The absence of TOP ligands agrees with the
model, as the absence of surface Se atoms inhibits efficient bind-
ing of TOP to the Q-PbSe. The number of excess Pb atoms in
turn agrees well with the number of OA ligands per nanocrystal.
Q-PbS nanocrystals are prepared using a synthesis based on
oleylamine. In contrast with TOPO capped Q-InP and OA capped
Q-PbSe, the synthesis yields ligands exhibiting fast ligand dynam-
ics. Free and bound NMR observables (such as the 1H chemical
shift and diffusion coefficient) are no longer resolved in this case,
but a single population-averaged value is observed. Moreover, typ-
ical Q-PbS suspensions are only stable in presence of an excess of
OLA ligands, which tends to shift the NMR observables toward
the free state. This hampers ligand identification based on 1H
NMR, DOSY and HSQC. However, NOESY still provides valu-
able insights. Due to the fast buildup time and negative sign of
the NOE cross-peaks, ligands can clearly be distinguished from
free molecules (which display positive cross-peaks), even when the
ligands are in fast exchange and a considerable excess of ligands
is present. Using this technique, we observe a clear interaction
between OLA and the Q-PbS surface. Just as for the Q-PbSe, we
detect no TOP ligands, even though it is used during synthesis.
Due to the fast ligand dynamics, OLA capped Q-PbS are
poorly passivated, yielding particles with a low photo-lumines-
cence quantum yield. The same fast dynamics however allows for
a facile ligand exchange, as demonstrated by substituting OLA
for tightly bound OA ligands. After ligand exchange, the lumines-
cence yield is boosted by a factor of 3–6.
Considering that the results are obtained on three substantially
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different material systems, we can conclude that NMR provides
very powerful tools to study the organic nanocrystal ligands.
12.3 Optical properties
12.3.1 Linear optical properties
We investigate the optical properties of colloidal lead chalcogenide
nanocrystals, using the Maxwell-Garnett model for small parti-
cles dispersed in a transparent dielectric host. Most importantly,
the model shows that the resulting absorption coefficient depends
strongly on the local field factor.
From an experimental point of view, the nanocrystal absorp-
tion coefficient µ is determined from the absorbance spectrum,
knowing the particle size and concentration. At energies far above
the band gap, both Q-PbS and Q-PbSe data show that µ is size-
independent. Experimental values agree well with the theoretical
absorption coefficient, determined from the MG model using bulk
values for the dielectric function. This demonstrates that optical
properties far above the band gap are not influenced by quantum
confinement.
In contrast, we observe strong quantum confinement effects
for the band gap transition. In addition to the blue shift with de-
creasing size, the energy integrated absorption coefficient increases
quadratically, showing that smaller particles are more efficient ab-
sorbers. Comparing Q-PbS with Q-PbSe, we find that, from a
practical point of view, Q-PbSe have a higher absorption coeffi-
cient than Q-PbS (for particles with an equal band gap energy).
The absorption coefficient however depends on the solvent re-
fractive index. Therefore, the oscillator strength of the band gap
transition provides a more quantitative means for comparison. As
demonstrated for Q-PbSe suspended in CCl4 and C2Cl4, respec-
tively, its value indeed does not depend on the solvent refractive
index. Experimental data for both Q-PbS and Q-PbSe agree well
with theoretical tight-binding calculations, demonstrating that the
oscillator strength increases linearly with particle size. Values for
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Q-PbS are 37% smaller than for Q-PbSe, possibly due to the re-
duced quantum confinement in PbS, as the exciton Bohr radius is
2 times smaller in PbS (23 nm), than in PbSe (46 nm).
As already stated, due to the local field factor, the nanocrystal
absorption coefficient is not a mere copy of its extinction coeffi-
cient k. It leads to a strong rise of the absorption coefficient with
increasing photon energy, and hampers the identification of the na-
nocrystal absorption peaks. Therefore, we calculate the dielectric
function  using the Kramers–Kro¨nig relations. They are rewrit-
ten in a discrete version to allow a numerical calculation of . Due
to the nonlinear relation between µ and , a direct calculation is
not straightforward. Instead, we develop an iterative procedure
to calculate . The IMI method is proved to be accurate by the
calculation of the dielectric function of a virtual material and bulk
PbS and PbTe.
The dielectric function of colloidal lead chalcogenide nanocrys-
tals reveals several intriguing insights. First, the optical dielectric
constant (real part of the dielectric function at energies far below
the band gap) is comparable to bulk values for all three lead chal-
cogenide materials, showing that quantum confinement plays no
role here. This observation also validates using the bulk refrac-
tive index in the calculation of the oscillator strength of the band
gap transition. Second, we observe strong quantum confinement
effects for the E0 and E1 transition of all three materials. The
spectral position and oscillator strength of the E2 transition is
size-independent, in accordance with the size-independence of the
absorption coefficient. Focusing on the E1 transition, we observe
a blue shift with decreasing size for all three materials. In the
case of Q-PbSe and Q-PbTe, this is accompanied by an increase
in oscillator strength with respect to the E2 transition. Results
are in accordance with data on electro-deposited PbSe quantum
dots, and further theoretical work is planned to yield more insight
into the nanocrystal optical properties.
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12.3.2 Nonlinear optical properties
Having a good knowledge of the linear optical properties, we de-
termine the nonlinear refractive index of colloidal lead chalcoge-
nide suspensions, using the Z-scan technique. Literature data are
mostly fitted using a linear approximation of the Z-scan trace,
only valid for a small nonlinear phase shift ∆φ. To increase the
range of phase shifts that can be fitted, the equations are there-
fore expanded up to a third-order approximation in ∆φ, valid up
to ∆φ ≈ 1.75. Thermal nonlinearities are also taken into account.
The n2-spectrum is clearly correlated with the nanocrystal ab-
sorbance spectrum, for both Q-PbS and Q-PbSe. This already
suggests that state-filling of the quantum dots discrete energy lev-
els leads to a high, and tunable, nonlinear refractive index. The
electronic origin is further confirmed by the observation of a sat-
uration of the change in refractive index and a saturation of the
absorption coefficient at high optical intensities.
The experimental saturation intensity is however an order of
magnitude larger than the calculated result. This suggests that
the creation of bi-excitons in already excited nanocrystals leads to
a further enhancement of the nonlinear optical properties. This
mechanism would also explain the bell-shaped n2-spectrum, as the
KK-relations predict an anti-resonance in the n2-spectrum.
From a practical point of view, the figure of merit is more im-
portant than absolute n2-values. It reflects the maximal nonlinear
phase shift that can be obtained before the optical intensity is too
low for nonlinear effects to occur. Under picosecond excitation,
both Q-PbS and Q-PbSe have a comparable figure of merit (of
3–4) around 1550 nm. This value is an order of magnitude larger
than the value of Si (0.37) or GaAs (0.1) around these wavelengths,
showing that colloidal lead chalcogenide nanocrystals are efficient
nonlinear materials.
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12.4 Integration with SOI photonic devices
Following these promising results, the particles are integrated with
SOI technology to create a nonlinear Qdot–SOI hybrid photonic
device. As the chemical synthesis yields a suspension of parti-
cles, various wet deposition techniques can be used to deposit the
particles on a substrate. We examine three techniques:
Langmuir-Blodgett deposition of a monolayer of Q-PbSe on flat
substrates and SOI devices is successful, and can be combined with
optical lithography to deposit the particles on specific areas of the
substrate. Unfortunately, a HR-TEM study of a typical monolayer
reveals that the particles fuse together during deposition, probably
due to their fast oxidation. As the optical properties will not be
maintained after the oriented attachment, this technique is not
suitable for the integration of Q-PbSe on a silicon platform.
We also investigate dropcasting of a thick close-packed layer
of Q-PbSe. Although a local deposition is again successful on
a flat substrate, deposition on top of SOI devices leads to the
appearance of cracks in the layer. These hybrid devices experience
severe optical losses, which is again undesirable.
Finally, spincoating Qdot doped polymer films produces the
best results. The choice of polymer is still important, as Qdot
doped PMMA yields inhomogeneous thin films, probably due to
unfavorable interactions between the hydrophobic ligands and the
hydrophilic PMMA side chains, leading to nanocrystal clustering.
Using PS however leads to optically flat and homogeneous thin
films. Before spincoating, the maximal particle concentration in
the Qdot–PS–toluene suspension is still limited, so a trade-off must
be made between a highly doped film of limited thickness, or a
thicker film, with consequently a reduced Qdot volume fraction.
We deposit the Qdot doped PS thin films on SOI racetrack
notch filters to investigate the transmission characteristics of these
hybrid devices. We use the transmission spectra to calculate the
transmission per round trip a and transmission of the coupling
section t of the micro-ring resonator. By varying the Q-PbSe size
in the Qdot doped PS films, we observe a clear correlation between
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the loss of the ring and the nanocrystal absorption coefficient. A
similar result is obtained by varying the Q-PbS concentration in
the films. Both demonstrate that the light propagating through
the photonic wire strongly interacts with the deposited Qdots.
This enables us to efficiently tune the output characteristics
of the hybrid notch filter. For instance, for Q-PbSe with an
absorption peak at 1490 nm, we achieve a high extinction ratio
of -23.7 dB only for a single resonance, while, when using parti-
cles with a peak at 1612 nm, a nearly constant extinction ratio of
-12.6 dB is achieved over a 1510-1630 nm wavelength range.
At high optical intensities, the Qdot hybrid notch filters show
a blue shift of the resonance wavelength, in combination with an
increase in a. However, in the case of Q-PbSe, this blue shift is
permanent, and in the case of Q-PbS, the spectrum only slowly
evolves back to the original low intensity transmission spectrum.
Both results suggest a charging of the Qdot doped thin film, in
the case of Q-PbSe possibly even leading to a fast oxidation of
the particles. Using PbSe|CdSe core-shell nanocrystals, these ef-
fects are not observed, although at first no shift is detected at all.
Further studies are still necessary to clarify these issues, and sev-
eral suggestions are made to improve the nonlinear properties of
Qdot–SOI hybrid devices.
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